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Foreword

Laminar-flow control is an area of aeronautical research that has a long history
at NASA’s Langley Research Center, Dryden Flight Research Center, their
predecessor organizations, and elsewhere. In this monograph, Albert L.
Braslow, who spent much of his career at Langley working with this research,
presents a history of that portion of laminar-flow technology known as active
laminar-flow control, which employs suction of a small quantity of air through
airplane surfaces. This important technique offers the potential for significant
reduction in drag and, thereby, for large increases in range or reductions in fuel
usage for aircraft. For transport aircraft, the reductions in fuel consumed as a
result of laminar-flow control may equal 30 percent of present consumption.

Given such potential, it is obvious that active laminar-flow control with suction
is an important technology. In this study, Al covers the early history of the
subject and brings the story all the way to the mid-1990s with an emphasis on
flight research, much of which has occurred here at Dryden. This is an impor-
tant monograph that not only encapsulates a lot of history in a brief compass but
also does so in language that is accessible to non-technical readers. NASA is
publishing it in a format that will enable it to reach the wide audience the
subject deserves.

Kevin L. Petersen
Director, Dryden Flight Research Center
February 18, 1999



Preface

This monograph is the result of a contract with the NASA Dryden History
Office to write a brief history of laminar-flow-control research with an emphasis
on flight research, especially that done at what is today the Dryden Flight
Research Center (DFRC). I approached the writing of this history from the
perspective of an engineer who had spent much of his career working on lami-
nar-flow-control research and writing about the results in technical publications.
[ found out that writing history is quite a bit different from technical writing, but
I hope that what I have written will explain laminar-flow control to the non-
technical reader while at the same time providing historical background to the
interested technical reader.

After completion of the final draft of this technical history in October 1998, 1
was made aware of NASA TP-1998-208705, October 1998, by Ronald D.
Joslin, entitled Overview of Laminar Flow Control. Although some overlap
exists between this publication and my own, as would be expected from the two
titles, Joslin’s intent was quite different from mine. He provides an extensive
technical summary for engineers, scientists and technical managers of the
content of many key papers without much evaluation of the significance of
specific results over the years.

I would like to express my gratitude to the following DFRC personnel: David
Fisher, Lisa Bjarke, and Daniel Banks for reading the initial draft; Jim Zeitz for
reworking the figures; and Stephen Lighthill for doing the layout. My special
thanks go to J.D. (Dill) Hunley, DFRC historian, who patiently guided this
technical author through the vagaries of historical composition.

Albert L. Braslow
Newport News, Virginia
19 February 1999
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A

History of
Suction-
Type
Laminar-
Flow
Control

Laminar-Flow Control Concepts and
Scope of Monograph

This monograph presents a history of
suction-type laminar-flow-control re-
search in the National Advisory Commit-
tee for Aeronautics and its successor
organization, the National Aeronautics
and Space Administration, plus selected
other organizations, with an emphasis on
flight research. Laminar-flow control is a
technology that offers the potential for
improvements in aircraft fuel usage,
range or endurance that far exceed any
known single aeronautical technology.
For transport-type airplanes, e.g., the fuel
burned might be decreased a phenomenal
30 percent. Fuel reduction will not only
help conserve the earth’s limited supply
of petroleum but will also reduce engine
emissions and, therefore, air pollution. In
addition, lower fuel usage will reduce the
operating costs of commercial airplanes
at least eight percent, depending upon the
cost of the fuel and, therefore, will curtail
ticket prices for air travel. Laminar-flow
control is also the only aeronautical
technology that offers the capability of
designing a transport airplane that can fly
nonstop without refueling from anywhere
in the world to anywhere else in the world
or that can remain aloft without refueling
for approximately 24 hours. These
enormous performance improvements
that are potentially available for commer-
cial or military applications, therefore,
have made the concept the “pot of gold at
the end of the rainbow” for aeronautical
researchers.

A brief review of some of the funda-
mentals involved will improve an under-
standing of this technological history.
When a solid surface moves through a
fluid (such as the air), frictional forces
drag along a thin layer of the fluid
adjacent to the surface due to the viscos-
ity (stickiness) of the fluid. A distin-
guished theoretician, Ludwig Prandtl,
showed in 1904 how the flow around a
solid body can be divided into two
regions for analysis—this thin layer of
fluid adjacent to the surface, called the
boundary layer, where fluid friction plays
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an essential part, and the remaining
region outside the boundary layer where
friction may be neglected. The boundary
layer generally exists in one of two states:
laminar, where fluid elements remain in
well-ordered nonintersecting layers
(laminae), and turbulent, where fluid
elements totally mix. The frictional force
between the fluid and the surface, known
as viscous drag, is much larger in a
turbulent boundary layer than in a laminar
one because of momentum losses associ-
ated with the mixing action. The energy
required to overcome this frictional force
on an airplane is a substantial part of the
total energy required to move the airplane
through the air. In the case of a transport
airplane flying at subsonic speeds, for
example, approximately one-half of the
energy (fuel) required to maintain level
flight in cruise results from the necessity
to overcome the skin friction of the
boundary layer, which is mostly turbulent
on current transport-size airplanes.

The state of the boundary layer, in the
absence of disturbing influences, is
directly related to the speed of the surface
and the distance along the surface—first,
laminar and then changing to turbulent as
the speed or distance increases. Laminar
flow is difficult to attain and retain under
most conditions of practical interest, e.g.,
on the surfaces of large transport air-
planes. Laminar flow is an inherently
unstable condition that is easily upset,
and transition to turbulent flow may occur
prematurely as a result of amplification of
disturbances emanating from various
sources. Two basic techniques are avail-
able to delay transition from laminar to
turbulent flow—passive and active.
Laminar flow can be obtained passively
over the forward part of airplane lifting
surfaces (wings and tails) that have
leading-edge sweep angles of less than
about 18 degrees by designing the surface
cross-sectional contour so that the local
pressure initially decreases over the
surface in the direction from the leading
edge towards the trailing edge. The
laminar flow obtained in this passive
manner is called natural laminar flow
(NLF). In the rearward region of well-



designed wings, where the pressure must
increase with distance towards the trailing
edge (an adverse pressure gradient),' active
laminar-tlow control must be used. Even in
a favorable pressure gradient. active
laminar-flow control is required to attain
laminar tlow to large distances from the
leading edge.

The principal types of active laminar-
flow control are surface cooling (in air) and
removal of a small amount of the boundary-
layer air by suction through porous materi-
als, multiple narrow surtace slots, or small
pertorations. For highly swept wings that
are usually required for tlight at high
subsonic and supersonic speeds, only
suction can control sweep-induced
crosstflow disturbances that promote
boundary-layer transition from laminar to
turbulent flow. The use of suction has
become the general method of choice for
active laminar-flow control and has become
known as LFC. A combination of LFC (in
regions where pressure gradients due to the
sweep introduce large destabilizing
crossflow disturbances) and NLF (in
regions with fow crosstlow) is an approach
to simplitying the application of LFC and is
known as hybrid LFC (HLFC). Although
the potential performance gains due to
HLFC are somewhat lower than those
obtainable with LFC, the gains are still very
large.

At this point, a briet description of a
parameter of fundamental importance is
necessary for the non-technical reader. This
parameter is called Reynolds number and
was named after Osborne Reynolds who, in
1888, was the first to show visually the
transition from laminar to turbulent flow
and the complete mixing of the fluid
elements in turbulent tlow. Reynolds
number is non-dimensional and is equal to
the product ot the velocity of a body
passing through a fluid (v), the density of
the fluid (p) and a representative length (1)
divided by the tluid viscosity (L) or v p 1/0.
Engineers select various representative
lengths (1) in the formulation of the

Reynolds number for different purposes. For
example, non-dimensionalized aerodynamic
forces acting on a body moving through air
vary with the value of the Reynolds number
based on the body length. This phenomenon
is called “scale effect” and is important in
the determination of the non-dimensional
aercdynamic forces acting on a full-size
(full-scale) airplane or airplane component
from data measured on a small wind-tunnel
model. When engineers select the distance
from the component’s leading edge to the
end of laminar flow as the representative
length, the resultant length Reynolds number
(or transition Reynolds number) is a measure
of the distance from the leading edge to the
end of the laminar flow. For any value of
transition Reynolds number, then, that has
been experimentally determined, the dis-
tance to the end of laminar flow on any size
airplane component can be calculated for
any stream-flow velocity, density, and
viscosity from the above Reynolds number
formulation. The attainable value of transi-
tion Reynolds number, as previously
indicated, is dependent upon the
component’s geometrical shape (the primary
controller of the variation of surface pres-
sure), various disturbances, and the type and
magnitude of laminar-flow control used.

This monograph will review the history
of the development of LFC and HLFC with
emphasis on experimentation, especially
flight research. A sufficient number of
activities up to 1965, when a 10-year hiatus
in U.S. experimental LFC research began,
will illustrate the early progress as well as
the principal problems that inhibited the
attainment of laminar flow in flight with
either passive or active laminar-flow control.
Discussion of a resurgence of research on
LFC in 1975 will concentrate on the tlight-
research portion of an American program
defined to solve the technological problems
uncovered during the previous research.
Included will be a discussion of the signifi-
cance of aircraft size on the applicability of
passive or active control.

I A decreasing pressure in the direction towards the trailing edge is called a favorable pressure gradient and an increasing

pressure is called an adverse pressure gradient.
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Early Research on Suction-Type through slots in the surfaces of wind-

Laminar-Flow Control tunnel models. These tests provided the
first aerodynamic criteria on the design of

Research from the 1930s through the multiple suction slots and obtained
War Years laminar flow up to a length Reynolds

The earliest known experimental number of 7 million, a phenomenally
work on LFC for aircraft was done in the  large value at that time. The first LFC
late 1930s and the 1940s, primarily in flight experiments ever made followed
wind tunnels.? In 1939, research engineers  these favorable results in 1941. Research-
at the Langley Memorial Aeronautical ers installed seventeen suction slots
Laboratory of the National Advisory between 20 and 60 percent of the chord®
Committee for Aeronautics (NACA) in of a test panel (glove)* on a wing of a B-
Hampton, Virginia, tested the effect on 18 airplane (Figure 1). Maximum airplane
boundary-layer transition of suction speed and constraint in the length of the

- 44.8 ft. >‘

Figure 1. B-18
airplane with test
glove for natural
laminar flow and
later for active
laminar-flow
control. (NASA
photo L-25336)

Test area

Centerline of fuselage

2 Three citations that provide extensive bibliographies on both passive and active control of the laminar boundary layer are:
Dennis M. Bushnell and Mary H. Tuttle, Survey and Bibliography on Attainment of Laminar Flow Control in Air Using
Pressure Gradient and Suction (Washington, DC: NASA RP-1035, September 1979); Charles E. Jobe, A Bibliography of
AFFDL/FXM Reports on Laminar Flow Control (U.S. Air Force: AFFDL-TM-76-26-FXM, March 1976); and Mary H.
Tuttle and Dal V. Maddalon, Laminar Flow Control (1976-1991) — A Comprehensive, Annotated Bibliography (Washington,
DC: NASATM 107749, March 1993). Significant references, primarily of summary natures, that were published since these
are included in subsequent footnotes. A sparse number of technical sources already included in the bibliographies are also
repeated in subsequent notes to assist readers in locating pertinent technical information discussed in the narrative.

3 Chord is the length of the surface from the leading edge to the trailing edge.

4 A glove is a special section of an airplane’s lifting surface, usually overlaying the basic wing structure, that is designed
specifically for research purposes.



wing glove, however. limited achievement
of a length Reynolds number for transi-
tion to a value lower than that achieved in
the wind tunnel.

Experimentation in NACA on LFC
ceased during the years of World War Il in
order to develop natural laminar-tflow
airfoils, the so-called NACA 6- and 7-
series airfoils, under the leadership of
Eastman N. Jacobs, Ira H. Abbott, and
Albert E. von Doenhotf at the Langley
Memorial Aeronautical Laboratory.®
Significant progress in furthering the
understanding of the boundary-layer
transition process, however, continued to
be made in the U.S.A., both analytically
and experimentally. principally at the
National Bureau of Standards by G.B.
Schubauer, H.K. Skramstad. P.S.
Klebanoft, K.P. Tidstrom. and Hugh L.
Dryden.® Development of the laminar-
flow airfoils was made possible by the
introduction into service of the Low-
Turbulence Pressure Tunnel (LTPT) at the
LaRC with an exceptionally low air-
stream-turbulence level.” The author and
Frank Visconti measured natural laminar
flow in the LTPT up to length Reynolds
numbers on the order of 16 million.?

Researchers in Great Britain obtained
significant flight experience in the mid-
1940s on natural laminar-flow airfoils
with wing gloves on the British King
Cobra and Hurricane military fighters.”
Large extents of laminar flow were
obtained, but only after considerable
effort to attain wave-free and smooth
surfaces. Although attainment of large
regions of laminar flow was not possible
in daily operations, aircraft designers used
laminar-flow type airfoils with large
regions of favorable pressure gradient on
new aircraft intended for high-subsonic-
speed flight because of their superior
high-speed aerodynamic characteristics,
e.g., the North American P-51 Mustang.

In Germany and Switzerland, efforts
to develop LFC technology with suction
were under way during the war. The
Germans emphasized the analysis of
laminar stability with continuous suction
rather than discrete suction through slots.
Walter Tollmien and Hermann Schlichting
discovered theoretically that the boundary
layer resulting from continuous suction is
very stable to small two-dimensional type
disturbances (named after them as
Tollmien-Schlichting waves)'* and that

5 In a later reorganization, the Langley Memorial Aeronautical Laboratory was renamed the Langley Research Center
(LaRC), and that name will be used hereafter to avoid possible confusion. An interim name for the Laboratory from 1948
to 1958 was the Langley Aeronautical Laboratory.

6 Dryden later became the Director of the NACA and then the first Deputy Administrator of the National Aeronautics
and Space Administration (NASA).

7 A low level of high-frequency airstream turbulence, a condition approximating that in the atmosphere, is required to
obtain natural laminar flow. This turbulence, of extreme importance to NLF, contrasts with occasional low-frequency
turbulence in the atmosphere, known as gusts. Gusts affect an aircraft through changes in the relative angle of the aircraft
with respect to the direction of flight (angle of attack).

% Albert L. Braslow and Fioravante Visconti, Investigation of Boundary-Laver Revnolds Number for Transition on an
65(215)—114 Airfoil in the Langley Two-Dimensional Low-Turbulence Pressure Tunnel (Washington, DC: NACATN
1704, October, 1948).

9 Sce. tor example: W.E. Gray and PW.J. Fullam, Comparison of Flight and Tunnel Measurements of Transition on a
Highiv Finished Wing (King Cobra) (RAE Report Aero 2383, 1945); F. Smith and D. Higton, Flight Tests on King Cobra
FZ. 440 1o Investigate the Practical Requirements for the Achievement of Low Profile Drag Coefficients on a “Low
Drag” Aerofoil (British A R.C.. R and M 2375, 1950); R.H. Plascoft, Profile Drug Measurements on Hurricane 11 .
3687 Fitted with Low-Drag Section Wings (RAE Report Aero 2153, 1946).

10 Examples of two-dimensional type disturbances are stream turbulence, noise, and surface irregularities having large
ratios of width (perpendicular to the stream flow direction) to height, like spanwise surface steps due to mismatches in
structural panels.



the quantity of air that must be removed
to achieve this marked stabilizing effect is
extremely small. German researchers
derived methods for calculating the
boundary-layer characteristics and drag
reductions resulting from continuous
suction. The Germans also wanted to
validate their findings experimentally but
were unable to produce a permeable
surface suitable for continuous suction
with the necessary degree of smoothness.
Alternatives were tried. i.e., suction
through a perforated plate and suction
through multiple slots. Suction through
perforated plates failed due to excessive
disturbances emanating from the edges of
the holes. Suction through multiple slots
permitted attainment of extensive regions
of laminar flow up to a length Reynolds
number of 3.2 million. In Switzerland,
Werner Pfenninger was also investigating
the use of multiple suction slots. He
obtained full-chord laminar flow on both
surfaces of an airfoil but only up to a
maximum chord (length) Reynolds
number of 2.3 million. He attributed the
limitation in the maximum attainable
Reynolds number for laminar flow with
LFC to increased airstream turbulence in

the wind tunnel. From more recent results,

he and other researchers agree that
increased disturbances from small irregu-
larities in the slot contours could have
contributed.

Research from after World War II to
the Mid-1960s
Release of the German LFC reports

on continuous suction after the war
generated renewed interest in both the
United States and the United Kingdom."!
The NACA initiated a series of wind-
tunnel tests at the LaRC in 1946, which
culminated in the attainment of full-chord
laminar flow on both surfaces of an airfoil
with continuous suction through a porous
bronze surface. The author, Dale Burrows,
and Frank Visconti obtained full-chord
laminar flow to a length Reynolds number
of about 24 million, which was limited
only by buckling of the low-strength
porous-bronze skin.'? Neal Tetervin
performed theoretical calculations indicat-
ing that the experimental suction rates
were consistent with values predicted
from the then-available stability theory to
the largest chord Reynolds number tested.
These wind-tunnel results, therefore,
provided the first experimental verifica-
tion of the theoretical indication that the
attainment of full-chord laminar flow with
continuous suction would not be pre-
vented by further increases in Reynolds
number, i.e., further increases in airplane
size or speed (at least subsonically)."
Because porous bronze, however, was
obviously unsuitable for application to
aircraft (low strength and large weight)
and no suitable material was available,
work on the simulation of continuous
suction with multiple slots was reacti-
vated by the NACA. In the late 1940s,
NACA researchers investigated in the
LaRC LTPT an NACA design,'* and Dr.
Werner Pfenninger, who had come to the
Northrop Corporation from Zurich,
Switzerland, investigated a U.S. Air

11 A team of experts from the allied countries, including Eastman N. Jacobs of the NACA, gathered these reports in
Germany soon after the end of hostilities.

12 This was the author’s indoctrination into active laminar-flow control research, which tfollowed previous involvement
in the development of the NACA natural-laminar-flow airfoils.

13 Albert L. Braslow. Dale L. Burrows, Neal Tetervin, and Fioravante Visconte. Experimental and Theoretical Studies of
Area Suction for the Control of the Laminar Boundary Layer on an NACA 64A010 Airfoil (Washington, DC: NACA
Report 1025, 30 March 1951).

14 Dale L. Burrows and Milton A. Schwartzberg, Experimental Investigation of an NACA 64A010 Airfoil Section with
41 Suction Slots on Each Surface for Control of Laminar Boundary Laver (Washington, DC: NACA TN 2644, 1952).



Force-sponsored design.'® In the first case,
the researchers obtained full-chord
laminar flow up to a Reynolds number of
about 10 million (greatly exceeding that
obtained previously in Germany and
Switzerland), but the slot arrangement had
been designed for a considerably larger
Reynolds number of 25 million. In the
second case, Dr. Pfenninger obtained full-
chord laminar flow up to a Reynolds
number of 16-17 million for a model
designed for 20 million. In both of these
cases with slots, as well as during the
previous continuous-suction tests, an
overriding problem in attainment of
laminar flow was an increased sensitivity
of laminar flow to discrete three-dimen-
sional type surface disturbances'® or slot
irregularities as wind-tunnel Reynolds
number was increased. This occurred in
spite of the theory, which indicated that
suction increased the stability of the
laminar boundary layer with respect to
two-dimensional type disturbances. More
on this subject will be included later in the
monograph.

After the war, the first work the
British did on LFC was to extend the
German analytical research on continuous
suction. In 1948, Cambridge University
experimented on a flat plate in the tloor of
a wind tunnel. This was followed in 1951
by flight tests on an Anson aircraft of
continuous suction from 10- to 65-percent

chord in a flat pressure distribution.'”
Researchers obtained experimental
suction rates very close to theoretical
values for a zero pressure gradient up to a
length Reynolds number of 3 million and
good agreement with theory in the
measured boundary-layer profiles.'® The
experiments indicated adverse effects of
roughness.

The British Royal Aircraft Establish-
ment (RAE) tested a porous surface on a
Vampire aircraft' starting in 1953
(Figure 2). Researchers initially employed
a rolled metallic cloth for the surface, but
roughness picked up in the mesh caused
premature transition from laminar to
turbulent flow. With the use of special
procedures to provide very smooth
surfaces back to 25 percent of chord, full-
chord laminar flow was established at a
length Reynolds number of 29 million.
With candidates not yet available for a
practical porous surface, attention was
diverted to simulation of a porous surface
with a perforated metal sheet. From 1954
to 1957, the RAE investigated various
arrangements of hole size, spacing and
orientation, as did John Goldsmith at the
Norair Division of the Northrop Corpora-
tion in the United States. Some worked
and some did not because of differences
in disturbances generated by the suction
flow through the different hole arrange-
ments.

15 Werner Pfenninger, Experiments With a 15%-Thick Slotted Laminar Suction Wing Model in the NACA, Langley Field,
Low Turbulence Wind Tunnel (U.S. Air Force Tech. Rep. 5982, April 1953).

16 Three-dimensional type surface disturbances are those with width to height ratios near a value of one.

17 M.R. Head, The Boundary Laver with Distributed Suction (British A.R.C., R.&M. No. 2783, 1955).

18 A boundary-layer profile is the shape of the variation of a boundary-layer characteristic like local velocity or tempera-

ture with height above the surface.

19 M.R. Head, D. Johnson, and M. Coxon, Flight Experiments on Boundary-Layver Control for Low Drag (British

A.R.C..R.&M. No. 3025, March 1955).

20 Significant sources are: John Goldsmith, Critical Laminar Suction Parameters for Suction Into an Isolated Hole or a
Single Row of Holes (Northrop Corp., Norair Division Report NAI-57-529, BLC-95, February 1957); N. Gregory and
W.S. Walker, Experiments on the Use of Suction Through Perforated Strips for Maintaining Laminar Flow: Transition
and Drag Measurements (British A.R.C., R.&M. No. 3083, 1958). Northrop Corp., Norair Division reports cited in this
monograph and others related to its laminar-flow research can be found in the files of Albert L. Braslow located in the
Langley Historical Archives (LHA) at the Langley Research Center, Hampton, VA.



Figure 2. Vampire
active laminar-flow-
control flight
experiments.

/ /(Suction surface

!

- 40 ft.

<N~ |

Glove

From 1951 to 1955, the British firm
Handley Page tested, in wind tunnels and
in flight on a Vampire trainer, the concept
of suction strips whereby researchers
hoped to eliminate the structural difficul-
ties associated with fully distributed
suction or with the need for precise slots.
Tests included both porous strips and
perforated strips with single and multiple
rows of holes. The best of the perforated
configurations consisted of staggered
multiple rows of holes. Tests of porous
sintered-bronze strips in both the wind
tunnel and flight were troubled by great

difficulty in ensuring sufficiently smooth
joints between the strips and the solid
surface. The joints introduced large
enough two-dimensional type distur-
bances to cause premature transition. With
the final perforation configuration,
researchers obtained repeatable laminar
flow to 80 percent of the chord on the
Vampire trainer wing, equivalent to a
length Reynolds number of 15 million. An
inability to obtain laminar flow in the last
20 percent of chord was attributed to the
effects of a forward sweep of the wing
trailing edge.



Previously, in 1951, the RAE had
been unable to obtain the design extent of
laminar flow on a natural laminar-flow
airfoil employed in a sweptback wing on
an AWS52 airplane. This led to a series of
tests of sweptback surfaces of various
aircraft during which visual records of
boundary-layer transition were obtained.
For sufficiently large leading-edge
sweepback, transition occurred very close
to the leading edge. Subsequent tests,
using a flow-visualization technique,
showed closely-spaced striations in the
flow on the surface, indicating strongly
that transition took place on swept
surfaces as a result of formation of
streamwise vortices in the laminar bound-
ary layer.”' Dr. Pfenninger’s boundary-
layer research group at the Norair Divi-
sion of the Northrop Corporation in the
1950s provided a method of analyzing the
cross-flow instability due to sweep. It also
obtained experimental data showing that
the cross-flow instability could be con-
trolled by reasonable amounts of suction
initiated sufticiently close to the wing
leading edge.””

The Northrop group in the 1950s and
early 1960s made many other major
contributions to the development of the
LFC technology. Under a series of Air
Force contracts, the group performed
rather extensive investigations in several
areas of concern. Although some work
was done on suction through holes, the
principal efforts were on suction through
slots. In addition to the improved under-
standing of laminar-flow stability and

control on swept wings, the Northrop
researchers developed criteria in the areas
of multiple-slot design, internal-flow
metering, and duct design plus techniques
for alleviating the adverse effects of
external and internal acoustic distur-
bances. In addition, Northrop conducted
analytical investigations of structural
design methods and construction tech-
niques. These were supported by a limited
effort on construction and test of small-
scale structural samples. The results,
however, were insufficient to provide
transport manufacturers with confidence
that LFC wings for future transports could
be manufactured to the required close
tolerances for LFC with acceptable cost
and weight penalties.”® An area receiving
analytical attention only was that of the
suction pumping system. Although the
suction pumping system is of significant
importance to overall aircraft perfor-
mance, analyses indicated that no radi-
cally new mechanical developments were
required to provide the necessary suction.
Northrop, in a USAF-sponsored
program at Muroc Dry Lake (known both
before and after this period as Rogers Dry
Lake) in California, also reactivated flight
research on LFC in the United States with
the use of a glove on an F-94 aircraft.
Muroc is today the site of the Edwards Air
Force Base and the Dryden Flight Re-
search Center (DFRC). Northrop investi-
gated three different slot arrangements on
a modified NACA laminar-flow airfoil
(Figure 3). Essentially full-chord laminar
flow was attained on the wing’s upper

21 W.E. Gray. The Effect of Wing Sweep on Laminar Flow (RAE TM Aero. 255, 1952).

22 W. Pfenninger, L. Gross, and 1.W. Bacon. Jr., Experiments on a 30 Degree Swept, 12 Percent Thick, Symmetrical,
Laminar Suction Wing in the 5-Foot by 7-Foot Michigan Tunnel (Northrop Corp., Norair Division Report NAI-57-317,
BLC-93, February 1957).

23 Structural design of airplanes requires consideration of manufacturing procedures, capabilities, limitations, and
available materials as well as compatibility with in-service inspection, maintenance, and repair while providing a high
degree of reliability and minimization of cost and weight. Airplane weight not only directly affects an airplane’s perfor-
mance but also its total life-cycle economics through its effect on construction costs, operating costs, and perhaps
maintenance costs. The incorporation of laminar-flow control by suction imposes unique structural requirements in that
smooth, substantially wave-free external surfaces are mandatory. Any associated additional weight or cost must not
dissipate the advantages of LFC to a degree that the manufacturer or user would judge the remaining advantages insuffi-
cient to warrant the increased complexities or risk.



surface at Reynolds numbers over 30
million, the highest attained on a lifting
wing. When the F-94 aircraft speed was
increased to the point where the local
Mach number®* on the airfoil surface
exceeded about 1.09, a new potential
problem appeared. Full-chord laminar
flow was lost with the slot configuration
tested. This was probably due to the steep
pressure rise through the shock waves that

can be maintained through some shock
waves with a properly designed slot
configuration. Another most important
point is that for the F-94 glove tests, the
airfoils were exceptionally well made
with minimum waves and were main-
tained in a very smooth condition; even
so, very small amounts of surface rough-
ness, for example from local manufactur-
ing irregularities or from bug impacts,

formed. Other data since that time,
however, have shown that laminar flow

caused wedges of turbulent flow behind
each individual source of turbulence.*

Suction compressor

Suction slots (12)

Figure 3. F-94
active laminar-flow-
control flight
experiments.

24 Mach number is a measure of airplane speed in terms of the ratio of the airplane speed to the speed of sound at the
flight altitude. Airplane speeds up to the speed of sound are termed subsonic. above the speed of sound, supersonic, with
the supersonic speeds greater than approximately Mach 5 (or 5 times the speed of sound) referred to as hypersonic. The
region between about Mach 0.85 and 1.15 is termed transonic. Because of the cross-sectional curvature of lifting surfaces
like wings, local Mach numbers of the air above the wing exceed the airplane Mach number.

25 W. Pfenninger, E.E. Groth, R.C. Whites, B.H. Carmichael, and J.M. Atkinson, Note About Low Drag Suction Experi-
ments in Flight on a Wing Glove of a F94-A Airplane (Northrop Corp., Norair Division Report NAI-54-849, BLC-69,
December 1954).



By this time, there was a better
understanding that the use of increased air
density in some wind tunnels. to more
closely approximate full-scale flight
values of Reynolds number, aggravated
the surface roughness problem in the wind
tunnel as compared with flight.”* Never-
theless, the vast NACA experience in the
development of laminar-flow airfoils in
the late 1930s and early 1940s, the British
flight tests of natural laminar-flow airfoils
on the King Cobra and Hurricane air-
planes in the mid-1940s, and the NACA
and other previously mentioned tests of
laminar-flow control through porous
surfaces and slots in the late 1940s
convinced the NACA that the inability to
manufacture and maintain sufficiently
wave-free and smooth surfaces was the
principal impediment to the attainment of
extensive regions of laminar flow for
most airplane missions then conceived.
The primary focus of the NACA (at least
until its transformation in 1958 into the
National Aeronautics and Space Adminis-
tration [NASA]) was on the business of
advancing the understanding of aeronauti-
cal phenomena and not on solving manu-
facturing or operational problems, which
it considered to be the province of the
manufacturer and user. The NACA,
therefore, turned its attention away from
LFC per se and concentrated its laminar-
flow activities on expanding the under-
standing of the quantitative effects of
surface roughness on transition, with and
without suction. Based on these NACA
data and pertinent data from numerous
other researchers, a correlation was

developed with which the permissible
three-dimensional type surface-roughness
height can be estimated within reasonable
accuracy.”’

NASA became aware in 1960 of a
renewed U. S. Air Force (USAF) interest
in active laminar-flow control through a
visit of Philip P. Antonatos of the USAF
Wright Air Development Division
{WADD) to the author, who was then
head of the General Aerodynamics
Branch of the LaRC Full-Scale Research
Division. Contemplated Air Force
missions at that time included a high-
altitude subsonic aircraft of long range or
endurance, an ideal match with l[aminar-
flow control. Laminar flow was required
to obtain the long range or endurance and
high altitude alleviated the adverse effects
of surface protuberances. Any special
operational procedures needed to maintain
the required surface smoothness in the
presence of material erosion and corro-
sion and to cope with weather effects.”
aircraft noise, and accumulation of dirt
and insects could only be evaluated
through actual flight experience. WADD
also considered it important to provide an
impressive flight demonstration of
improved airplane performance to be
better able to advocate the advantages of
the contemplated new aircraft.

WADD proposed use of two WB-66D
airplanes based on minimum cost, high
degree of safety, and short development
time. The Northrop Corporation, under
sponsorship of the Air Force (with a
monetary contribution from the Federal
Aviation Administration).” later modified

26 The method of increasing the Reynolds number on small models in wind tunnels involves increasing the air density
through an increase in air pressure (higher unit Reynolds number, i.e., Reynolds number based on a unit length). The
minimum size of a three-dimensional type disturbance that will cause transition is smaller on a small model in an
airstream of higher density than that required to cause transition on a tull-size airplane at altitude (and. therefore. lower
density) at the same relative distance from the leading edge.

27 Albert E. von Doenhoft and Albert L. Braslow, “The Effects of Distributed Surtace Roughness on Laminar Flow.” in
Boundaryv-Laver and Flow Control - Its Principles and Application, Vol. 2, edited by G. V. Lachmann (Oxford. London.
New York, Paris: Pergamon Press, 1961), pp. 657-681.

28 ALB files, LHA., notebook on Norair and LRC Memos re X-21: memo for LaRC Associate Director, 17 June 1960,

29 Weather effects include the effects of icing, precipitation, clouds, and low-frequency atmospheric turbulence.
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Figure 4. One of
two X-21 active
laminar-flow-control
airplanes.

these airplanes with slotted suction wings
and designated them as experimental
aircraft X-21A and X-21B (Figure 4).
Beginning with the first development-
engineering review of the X-21A in
January 1963, the author acted as a NASA
technical consultant to the Air Force.*'
Northrop began flight research in
April of 1963 at Edwards Air Force Base.
Several problems arose early in the
project that consumed significant periods
for their solution. Principal among these
was the old surface smoothness and
fairness problem* and an unexpected
severity of a spanwise contamination
problem. With respect to the smoothness
and fairness problem, in spite of a con-
certed effort to design and build the
slotted LFC wings for the two airplanes to
the close tolerances required, the resulting
hardware was not good enough.
Discontinuities in spanwise wing splices
were large enough to cause premature
transition. Putty, used to fair out these

discontinuities, chipped during flight with
resulting roughness large enough to
trigger transition.

The combination of X-21 wing
geometry, flight altitudes, and Mach
numbers was such that local turbulence at
the attachment line, e.g., from the fuse-
lage or induced by insect accumulation,
caused turbulent flow over much of the
wing span (spanwise contamination).™ At
about the same time, British flight tests of
a swept slotted-suction wing mounted
vertically on the fuselage of a Lancaster
bomber indicated similar results (Figure
5).* Although flight experimentation and
small-scale wind-tunnel tests by the
British had previously indicated the
existence of the spanwise-contamination
problem, its significance had gone
unrecognized. With the large-scale X-21
flight tests and further wind-tunnel tests,
Northrop developed methods for avoid-
ance of spanwise contamination. The
phenomenon is now understood but

30 ALB files, LHA, notebook on Norair and LRC Memos re X-21: memo for LaRC Associate Director, 10 December

1963.

31 See ALB files, LHA, notebook on Norair and LRC Memos re X-21: memo to Air Force Aeronautical Systems
Division from Charles J. Donlan, Acting LaRC Director, dated 2 January 1963, and for other memos and program

reviews.

32 Surface smoothness is a measure of surface discontinuities like protuberances or steps. Surface fairness is a measure
of the degree of waviness of surface contour (shape).

33 On a sweptback wing, the line at which the airflow divides to the upper and lower surfaces is called the attachment
line. If the boundary layer at the attachment line becomes turbulent for any reason and if certain combinations of wing
sweep, wing leading-edge radius, and flight conditions exist, the turbulence spreads outward along the attachment line
and contaminates (makes turbulent) the boundary layer on both wing surfaces outboard of the initial turbulence.

34 R.R. Landeryou and P.G. Porter, Further Tests of a Laminar Flow Swept Wing with Boundary Laver Control by
Suction (College of Aeronautics, Cranfield, England, Report Aero. No. 192, May 1966).
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requires careful attention in the design of

large LFC aircraft.®

Another problem that was uncovered
during the X-21 flight tests was associated
with ice crystals in the atmosphere.
Researchers noted that when the X-21
flew in or near visible cirrus clouds,
laminar flow was lost but that upon
emergence from the ice crystals, Jaminar
tlow was immediately regained. G.R. Hall
at Northrop developed a theory to indicate
when laminar flow would be lost as a
function of atmospheric particle size and
concentration.* Little statistical informa-
tion, however, was available on the size
and quantity of ice particles present in the
atmosphere as a function of altitude,
season of the year. and geographic
location. Therefore. the practical signifi-
cance of atmospheric ice particles on the
amount of time laminar flow might be lost
on operational aircraft was not known.

By October of 1965. attainment of
“service experience comparable to an
operational aircraft.” one of the program’s

Figure 5. Swept,
suction-type
laminar-flow-
control wing
mounted vertically
on Lancaster
bomber.

principal objectives, had not even been
initiated because of the effort absorbed by
the previous problems. To proceed with
this initiative, the advisors to the Air
Force recommended that a major wing
modification would be needed before
meaningful data on service maintenance
could be obtained.? This, unfortunately,
was never done because of various
considerations at high levels of the Air
Force, probably predominantly the
resource needs of hostilities in Vietnam.
Much extremely valuable information,
however, was obtained during the X-21
tlight program, supported by wind-tunnel
and analytical studies. At the end of the
program,™ flights attained laminar flow
on a fairly large airplane over 95 percent
of the area intended for laminarization.
Unfortunately, top management in gov-
ernment and industry remembered the
difficulties and time required to reach this
point more than they did the accomplish-
ment.

35 W. Ptenninger, Laminar Flow Control-Laminarization (AGARD Special Course on Concepts for Drag Reduction,

AGARD Report No. 654, June 1977).

36 G.R. Hall, “On the Mechanics of Transition Produced by Particles Passing Through an Initially Laminar Boundary
Layer and the Estimated Ettect on the LFC Performance of the X-21 Aircraft™ (Northrop Corp., October 1964).

37 ALB files. LHA. folder labeled X-21 Tech Reviews: USAF Aeronautical Systems Division X-21 DAG Review
Agenda and Attendees with Report of Review Group on X-21A Laminar Flow Control Program, 8 November 1965,

38 Special Section, “Laminar Flow Control Prospects,” Astronautics and Aeronautics 4, no. 7 (July 1966): 30-62. This
section contains articles by several different authors. On X-21, see also document 2 at the end of this monograph.
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Post X-21 Research on Suction-Type
Laminar-Flow Control

Hiatus in Research

With the cessation of military support,
a general hiatus in the development of
active laminar-tflow control technology
ensued in the United States from the mid-
1960s to the mid-1970s. Other interest
was lacking because of two principal
reasons: 1) a lack of a contemplated need
tor very long-range missions for commer-
cial aircraft for which the benefits of
active laminar-flow control were a
necessity and 2) the fact that the price of
jet fuel was then so low that the estimated
fuel-cost savings for commercial trans-
ports with ranges of interest was almost
offset by estimated increases in manufac-
turing and maintenance costs. Researchers
did perform significant analytical work
and conceptual studies during this period,
however.

Resumption of Research

In 1973, Gerald Kayten, who was
Director ot the Transportation Experiment
Program Oftice in the Office of Aeronau-
tics and Space Technology at NASA
Headquarters, phoned the author with a
request that he prepare a “white paper” on
potential technology advances that might
reduce the use of fuel by commercial air
transports. The request was in response to
increased prices and increasingly insecure
sources of petroleum-based fuel resulting
from the oil embargo imposed by the
Organization of Petroleum Exporting
Countries in 1973. NASA, at that time,
was pursuing technological improvements
in various aircraft disciplinary areas
(identified and evaluated in the Advanced
Transport Technology Systems and
Design Studies)™ to reduce aircraft noise

and pollution, to improve economics, and
to reduce terminal-area delays. The
resultant “white paper,” printed December
20th of 1973,* recommended that the
technological advances identified for
these purposes be pursued with an in-
creased emphasis on their potential for
fuel reduction. It also identified additional
possibilities in the aeronautical disciplines
for fuel conservation. Principal among
these, with by far the largest potential for
fuel conservation of any discipline, was
drag reduction through active laminar-
flow control. Kayten, in a telephone
conversation with the author on 14
January 1974,% called the paper “damn
good,” and he strongly urged that we get
going quickly. He indicated. however, that
the reception by others at Headquarters
was nothing more than lukewarm. The
same was true among LaRC researchers
in management positions who believed
that the problems previously evident in
the laminar-flow research were so severe
as to render the technology impractical
and that any further efforts would only
detract from the resources available for
other research endeavors.

Because of this continued adverse
reaction from many in positions of
authority, start of a significant program on
active laminar-flow control was continu-
ally deferred. Leaders of various groups
during the next couple of years, however,
initiated tasks to identify and recommend
Research and Technology (R&T) activi-
ties that would be required to develop
potential fuel-conservation technologies.
The following are examples of the studies
that resulted. In March of 1974, the
American Institute of Aeronautics and
Astronautics (AIAA) assembled a group
of 91 of its members in a workshop
conference. The objective was “to review

13

39 These studies were made under the Advanced Technology Transport (ATT) Program at LaRC under the direction of
Thomas A. Toll.

40 Albert L Braslow and Allen H. Whitehead, Jr., Aeronautical Fuel Conservation Possibilities for Advanced Subsonic
Transports (Washington, DC: NASA TM X-71927, 20 December 1973).

41 ALB files, LHA, chronological notebook on Advanced Technology Transport Office (later called Advanced Transport
Technology Office and later changed in emphasis to Aircraft Energy Efficiency Project Office): note dated 1-14-74.



and discuss the technological aspects of
aircraft fuel conservation methods and to
recommend the initiation of those mea-
sures having the best prospects for short-
term and long-term impact.” One of the
resultant conclusions was that advances in
associated technologies since the 1960s
warranted a reevaluation of the applica-
tion of laminar-tlow control in the design
of future long-range transport aircraft.** In
November of 1974, the Aeronautics Panel
of the DOD/NASA Aeronautics and
Astronautics Coordinating Board estab-
lished a new subpanel on Aeronautical
Energy Conservation/Fuels, cochaired by
A. Braslow, NASA/LaRC and A. Eaffy.
USAF/Pentagon.** The task was to
“review the on-going NASA and DOD
programs and recommend increased
activities in fuel-conservation technolo-
gies where deficiencies were noted.” The
subpanel supported further research on
LFC. including flight-testing.** Also
recommended was the need for system-
technology studies with fuel conservation
as a primary criterion so that the applica-
tion of the various technological advances
could both separately and by interaction
produce further significant fuel savings.*
In 1975, NASA sponsored a Task Force of
engineers from within NASA, the Depart-
ment of Transportation (DOT), Federal

Aviation Administration (FAA), and
Department of Defense (DOD) to exam-
ine the technological needs and opportu-
nities for achievement of more fuel-
efficient transport aircraft and recommend
to NASA an extensive technological
development program. The Task Force
published its recommendations on 9
September 1975 and the Langley
Director, Edgar M. Cortright, immediately
established a Laminar-Flow-Control
Working Group, chaired by the author, “to
define a program of required R&T
activities.”™’ After definition of detailed
plans and a process of evaluation, advo-
cacy, and approval by NASA manage-
ment, the U.S. Office of Management and
Budget (OMB) and the U.S. Congress, the
Task Force’s recommendations evolved
into the NASA Aircraft Energy Efficiency
(ACEE) Program. The Office of Aeronau-
tics and Space Technology (OAST) at
NASA Headquarters managed the pro-
gram.

The ACEE Project Office was estab-
lished at the LaRC* to define, implement
and manage three of six Program ele-
ments. The three elements were Compos-
ite Structures, Energy Efficient Transport
(subdivided into Advanced Aerodynamics
and Active Controls), and Laminar-Flow
Control.* The acceptance of active

42 “Aircraft Fuel Conservation: An AIAA View”

edited by Jerry Grey. 30 June 1974).

(Proceedings of a Workshop Conference, Reston, VA, 13-15 March,

43 ALB files, LHA, folder labeled Aeronautics Panel, AACB, Energy Conservation/Fuels: Minutes of Special Meeting,
NASA/DOD Acronautics Panel, AACB, 11 November 1974, and Memorandum to Members of the Aeronautics Panel,

AACB. 25 November 1974,

44 ALB files, LHA, folder labeled Aeronautics Panel, AACB, Energy Conservation/Fuels: Report of the Subpanel on
Aeronautical Energy Conservation/Fuels, Aeronautics Panel, AACB, R&D Review, 5 December 1974, sect. 4.1.2. See

document 1 at the end of this monograph.

45 1bid., sect. 3.8.

46 NASA Tusk Force for Aireraft Fuel Conservation Technology (Washington, D.C.: NASA TM X-74295, 9 September 1975).

47 See document number 3 at the end of this monograph.

48 ALB files. LHA. Project Plan, Aircraft Energy Efficiency Program, Langley Research Center, L860-001-0, May 1976.

Inserted is a page summarizing some key events.

49 Ralph J. Muraca was Deputy Manager for LFC to Robert W. Leonard, ACEE Project Manager in the LaRC Projects
Group headed by Howard T. Wright. The author acted as Muraca’s assistant.
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laminar-flow control with suction (LFC)
as part of the NASA ACEE program was
based on the success of the previous
experimental programs in attaining
extensive regions of laminar flow on an
operational airplane and more recent
advances in materials and manufacturing
technology that might make LFC more
economically attractive. The principal
motivation was the potentially larger gain
in transport-aircraft performance resulting
from laminarization of the boundary layer
over wing and tail surfaces as compared
with all other technological disciplines.
Formulation of the approved program
received very extensive input and support
from the air-transport industry.” An
important example was the active partici-
pation of people from the industry in an
LFC technology workshop held at the
Langley Research Center on 6 and 7
April 1976.' Representatives of the
airlines, manufacturers of large aircraft
and aircraft engines, and individuals with
expertise in LFC from the industry and
government attended.> Objectives were to
review the state of the art, identify and
discuss problems and concerns, and
determine what was necessary to bring
LFC to a state of readiness for application
to transport aircraft. The ACEE Project
Office relied heavily on the discussions.
A change in LFC emphasis from the
previous military application to the more
difficult one of commercial transports,
where manufacturing and operational
costs are more important, made the LFC
task even more challenging. The objective
of the LFC element was to provide
industry with sufficient information to
permit objective decisions on the feasibil-
ity of LFC for application to commercial
transports. It was expected that the

technology developed would be appli-
cable to but not sufficient for very long-
range or high-endurance military trans-
ports. The focus was on obtaining reliable
information regarding the ability to
provide and the cost of providing required
surface tolerances as well as on the ability
to maintain laminar flow in an airline
operational environment. Improvements
in computational ability for providing a
reliable design capability were also of
importance in the event practicality could
be established. Implementation of the
three project elements involved a major
change in Agency philosophy regarding
aeronautical research—a judicious
extension of the traditional NACA
research role to include demonstration of
technological maturity in order to stimu-
late the application of technology by
industry.

The ACEE/LFC project to bring
active LFC from an experimental status to
“technology readiness” for actual applica-
tion required solutions to many difficult
technical problems and entailed a high
degree of risk——characteristics that
dictated reliance on government support.
A phased approach to require that
progress in each area be evaluated prior to
funding the next phase was accepted as a
means of controlling the large resource
commitments required and of alleviating
the concern about the risk factor. This
approach led to considerable heartburn in
the project office in its attempt to com-
plete a successtul overall development in
a timely fashion; a need to wait for
successful results on intermediate steps
was required before there could be
adequate advocacy for the inclusion of
subsequent phases in an annual govern-
ment budget cycle. The project office

15

50 ALB files, LHA, notebook labeled Industry Comments: responses from industry top management to letter from
Robert E. Bower, LaRC Director for Aeronautics, requesting response to five specific questions regarding LFC, internal
ACEE Project Office memos on visits to industry to review detailed program proposals; and personal notes on trips to

51 ALB files, LHA, Workshop on Laminar Flow Control held at LaRC. compiled by Charles T. DiAiutolo, 6-7 April

52 General chairmen were Adelbert L. Nagel and Albert L. Braslow of LaRC.



adopted the following guidelines for the
LFC part of the program: “technology
readiness’ should be validated by the
aircraft industry, and in particular, by
those companies involved in production
of long-range aircraft; the program should
be cognizant of technological advances in
other disciplines where those advances
would be of particular benefit to LFC or
where their application to future turbulent
jet transports appeared likely: and the
program should build on the existing data
base. in particular, the USAF X-21 flights
and associated programs previously
discussed.

Research from the Mid-1970s to the
Mid-1990s

For various reasons, the ACEE/LFC
project required flight research in the
following activities:

* Determination of the severity of the
adverse effects of surface contamina-
tion by insects on the extent of laminar
flow and the development and valida-

tion of an acceptable solution

» Evaluation of LFC surface and wing
structural concepts employing ad-
vanced materials and fabrication
techniques

* Development of improved aerodynamic
and acoustic design tools and establish-
ment of optimized suction criteria

* Validation of airfoil and wing geom-
etries optimized for LFC

* Validation of high-lift devices and
control surfaces compatible with LFC

» Demonstration of predicted achieve-
ment of laminar flow and validation of
acceptable economics in the manufac-
ture and safe commercial operation of
LFC airplanes.

A few flight programs that investi-
gated aerodynamic phenomena associated
with attainment of natural laminar flow
(NLF) provided information that was also
of importance to active laminar-flow
control at high subsonic speeds. These are
discussed in the following subsections
along with those that used LFC.

Figure 6. F-111/
TACT variable-
sweep transition
flight experiment.
(NASA photo ECN
3952)



Figure 7. F-14
variable-sweep
transition flight
experiment. (NASA
photo)

Natural Laminar Flow (NLF) on Swept
Wings: F-111/TACT and F-14

Of principal significance in NLF
flight research done with an F-111 air-
plane and an F-14 airplane was quantifi-
cation of the adverse effect of crosstflow
instability due to wing sweep. Research-
ers installed supercritical, natural laminar-
flow airfoil gloves on an F-111 aircraft
(Figure 6), re-designated as the F-111/
TACT (Transonic Aircraft Technology)
airplane, and tested it in early 1980 at the
Dryden Flight Research Center (DFRC)™
through a range of sweep angles.™ These

results were limited by a restricted
spanwise extent of the gloves, an abbrevi-
ated test schedule (caused by the required
return to the Air Force of the borrowed
aircraft), and limited instrumentation.™
The results,™ however, provided the basis
for a follow-on program with another
variable-sweep aircraft (an F-14 on loan
to NASA from the Navy, Figure 7) that
enabled attainment of a much broader and
more accurate transition database. The F-
14 research began in 1984 at the DFRC
and was completed in 19877

Flush static-pressure orifices and

Langley design glove

53 From 1981 to 1994, Dryden was subordinated to the NASA Ames Research Center as the Ames-Dryden Flight
Research Facility. but to avoid confusion I will refer to it as DFRC throughout the narrative.

54 NASA ftlight-test participants were: Einar K. Enevoldson and Michael R. Swann, research pilots; Lawrence J. Caw

followed by Louis L. Steers, project managers; Ralph G. (Gene) Blizzard, aircraft crew chiet; and Robert R. Meyer, Ir.,
followed by Louis L. Steers, DFRC principal investigators, For an example of a flight report on the F-111 with the NLF
gloves, see document 5 at the end of this monograph.

55 ALB files, LHA, folder labeled SASC 1980-81: memo on Natural Laminar Flow Flight Tests At DFRC On F-111
Aircraft, August 1980.

56 Boeing Commercial Airplane Company, Preliminary Design Department, F-1/1 Natural Laminar Flow Glove Flight Test
Data Analvsis and Boundary Layer Stability Analvsis (Washington, DC: NASA Contractor Report 166051, January 1984).

57 NASA flight-test participants were: Edward T. Schneider and C. Gordon Fullerton, research pilots; Jenny Baer-
Riedhart, project manager: Bill McCarty, aircraft crew chief; Harry Chiles, instrumentation engineer; Robert R. Meyer,
Jr., chief engineer; Marta R. Bohn-Meyer, operations engineer; Bianca M. Trujillo, DFRC principal investigator; and
Dennis W. Bartlett, LaRC principal investigator.
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surtace arrays of hot films™ were distrib-
uted over gloves with a different airfoil
contour on each wing to determine local
wing pressures and transition locations.
Data trom these sources and associated
flight parameters were telemetered to the
ground and monitored in real time by the
tlight-research engineer. Figure 8 presents
results from the F-111 and F-14 swept-
wing flight research along with results
from low-speed wind-tunnel research in
the LaRC Low-Turbulence Pressure
Tunnel (previously mentioned in the Early
Research section) and the Ames Research
Center 12-Foot Tunnel. The results are
presented as the variation of the maxi-
mum transition Reynolds number with
wing leading-edge sweep. The research
engineers, after careful consideration of
the differences in accuracy of the various
data, have judged that the extent of
laminar flow (a direct function of the
transition Reynolds number) is unaffected
by wing sweep up to a value of about 18
degrees. At higher sweep angles, the
extent of laminar tflow is appreciably
reduced by crosstlow disturbances. The

20 25 30 35 40
Leading-edge sweep, deg.

F-14 transition data also provided suffi-
cient detailed information to improve the
understanding of the combined effects of
wing cross-sectional shape, wing sweep,
and boundary-layer suction (even though
suction was not used on the F-14) on the
growth of two-dimensional and crossflow
disturbances.™ This improved understand-
ing permits a significant increase in
maximum transition Reynolds number
through the use of suction in only the
leading-edge region of swept wings in
combination with an extent of favorable
pressure gradient aft of the suction, a
concept called hybrid laminar-flow
control (HLFC), to be discussed later.

Noise: Boeing 757

Under a NASA contract, the Boeing
Company performed flight research in
1985 on the wing of a 757 aircraft (Figure
9) to determine the possible effects of the
acoustic environment on boundary-layer
transition. Because of a lack of sufficient
data on the acoustic environment associ-
ated with wing-mounted high-bypass-
ratio turbotfan engines, a concern about

58 The hot-film sensors consisted of nickel-film elements deposited on a substrute of polyimide film with an installed
thickness of less than 0.007 inch. Electric current is passed through the nickel elements and circuitry maintains a constant
element temperature. The changes in current required to maintain the temperature constant are measured when changes
in boundary-layer condition cause changes in cooling of the elements. The difference in cooling between a laminar and
turbulent boundary layer and the fluctuating variations during the transition process from laminar to turbulent can then
be measured and the transition location determined.

59 R.D. Wagner, D.V. Maddalon, D.W. Bartlett, F.S. Collier. Jr., and A L. Braslow, “Laminar Flow Flight Experiments.”
trom Transonic Symposium: Theory, Application, and Experiment held at Langley Research Center ( Washington, DC:

NASA CP 3020, 1988).



Figure 9. 757
transport noise
experiments.

potential adverse effects of engine noise
led to a belief that the engines needed to
be located in an aft position on the
fuselage. This location has a potentially
severe adverse impact on performance
and LFC fuel savings. Boeing replaced a
leading-edge slat just outboard of the
wing-mounted starboard engine with a
10-foot span smooth NLF glove swept
back 21 degrees. Seventeen microphones
were distributed over the upper and lower
surfaces to measure the overall sound
pressure levels, and hot films were used to
measure the position of transition from
laminar to turbulent flow. The starboard
engine was throttled from maximum
continuous thrust to idle at altitudes of 25

J

PW 2037 engine

Foam and
fiberglass
NLF glove

to 45 thousand feet and cruise speeds of
Mach 0.63 to 0.83.

Although this flight research was not
expected to provide answers on noise
effects for all combinations of pertinent
parameters, it did provide important
indications. The most important was that
engine noise does not appear to have a
signtficant effect on crossflow distur-
bances so that if the growth of crossflow
disturbances in the leading edge is
controlled by suction, large extents of
laminar flow should be possible even in
the presence of engine noise. If, however,
in an HLFC application, the growth of
two-dimensional type disturbances is
comparable to or greater than the growth



of crosstlow disturbances, engine noise
might be a more significant factor. The
results were unable to validate theoretical
predictions of the magnitude of noise
levels at high altitudes and subsonic
cruise speeds.™

Insect Contamination: JetStar

A major concern regarding the
dependability of laminar flow in flight
involved the possibility (most thought,
probability) that the remains of insect
impacts on component leading edges
during flight at low altitudes during
takeoft or landing would be large enough
to cause transition of the boundary layer
from laminar to turbulent during cruise
flight. As a first step, the LaRC measured
the insect remains that had accumulated
on the leading edges of several jet air-
planes based at the Center. The Langley
researchers calculated that the insect
remains were high enough to cause

transition, even at altitudes as high as
40,000 feet.*" (Remember that an increase
in altitude alleviates the adverse effect of
surface roughness in that the minimum
height of roughness that will induce
transition increases as altitude increases.)
An observation, however, had been made
previously by Handley Page in England
where flight tests of a Victor jet indicated

that insect remains eroded to one-half their

height after a high-altitude cruise tlight.
The Langley researchers. therefore,
deemed it necessary to investigate further
the possible favorable erosion but. if
erosion was determined to be insufficient
to alleviate premature transition at cruise
altitudes, to develop and validate an
acceptable solution to the insect contami-
nation problem.

Researchers at the DFRC and the
LaRC used a JetStar airplane at Dryden
(Figure 10) in 1977 to investigate the
insect-contamination problem.® With

Figure 10. JetStar
aircraft and re-
search team for
investigation of
insect contamina-
tion . Left to right:
back row —
Thomas C.
McMurtry, test pilot;
Kenneth Linn,
instrumentation
technician; Rob-
ert S. Baron,
project manager;
Donald L. Mallick,
test pilot; Walter
Vendolski, aircraft
mechanic; John B.
Peterson, Jr., LaRC
principal investiga-
tor; front row —
Albert L. Braslow,
LaRC; James A.
Wilson, aircraft
crew chief; William
D. Mersereau, flight
operations; David
F. Fisher, DFRC
principal investiga-
tor. (Private photo
provided by author)

60 Boeing Commercial Airplane Company, Flight Survey of the 757 Flight Noise Field and Its Effect on Laminar
Boundary Laver Transition. Vol. 3: Extended Data Analysis (Washington, DC: NASA CR178419, May, 1988).

61 The calculations were based on von Doenhoff and Braslow, “The Effects of Distributed Surface Roughness on
Laminar Flow.” pp. 657-681, cited in footnote 27.

62 Dave Fisher was principal investigator at DFRC, and Jack Peterson formulated the program under the direction of the

author at the LaRC.
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contract support of the aircraft manufac-
turer, the Lockheed-Georgia Aircraft
Company, they modified the left outboard
leading-edge flap. Five different types of
superslick and hydrophobic surfaces were
installed in the hope that impacted insects
would not adhere to them. In addition,
researchers installed a leading-edge
washing system and instrumentation to
determine the position of boundary-layer
transition. Dryden research pilots first
flew the airplane with an inactive washer
system on numerous airline-type takeofts
from large commercial airports. They flew
at transport cruise altitudes and then
landed at DFRC for post-flight inspection.
These early tests indicated that insects
were able to live in an airport noise and
pollution environment and accumulated
on the leading edge. The insects thus
collected did not erode enough to avoid
premature transition at cruise altitudes. It
is probable that insect impacts at the
much higher transport takeoft speed, as
compared with the slow takeoff speed of
the previously mentioned Victor airplane,
initially compresses the insects to a
greater degree where further erosion does
not take place. None of the superslick and
hydrophobic surfaces tested showed any
significant advantages in alleviating
adherence of insects. The need for an
active system to avoid insect accumula-
tion, then, was apparent.®*

Although researchers had considered
many concepts for such a system over the
years and had tested some, none had been
entirely satisfactory. The results of the
flight research using the leading-edge
washer system that had been installed on
the JetStar leading-edge flap showed that
a practical system was at hand. The tests
showed that keeping the surface wet while
encountering insects was eftective in
preventing insect adherence to the wing
leading edge. After insect accumulation

was permitted to occur on a dry surface
spray could not wash the insect remains
off the leading edge (somewhat akin to
the inability of an automobile windshield
washer alone to remove bug accumulation
from the windshield). The pilots, named
in Figure 10, had flown the airplane with
the spray on at low altitudes over agricul-
ture fields in an area with a high density
of flying insects in order to give the wet-
surface concept a severe test.* Supporting
analyses at LaRC also indicated an
acceptable weight penalty of a washer
system equal to less than one percent of
the gross weight of an LFC transport
airplane.

Leading-Edge Flight Test (LEFT)
Program: JetStar

Planning for a flight test program to
provide definitive information on the
effectiveness and reliability of LFC began
at LaRC soon after approval of the ACEE
Program. The Langley ACEE Project
Office expended considerable effort in
consideration of candidate flight vehicles.
Representatives of the airlines and
transport manufacturers strongly advo-
cated the need for a test aircraft equal to
the size of a long-range transport (as
indicated in the question and answer
session of the 1976 LFC Workshop, cited
in footnote 51) to provide meaningful
results with respect to aerodynamic,
manufacturing, and operational consider-
ations. Government managers applied
equally strong pressure towards the
selection of a smaller size for cost rea-
sons. The Project Office eventually
formulated a satisfactory solution that
fulfilled both requirements. It decided to
restrict the tests to the leading-edge region
of a laminar-flow wing suitable for a
high-subsonic-speed transport airplane
because the most difficult technical and
design challenges that had to be overcome

63 David F. Fisher and John B. Peterson, Jr.. “Flight Experience on the Need and Use of Inflight Leading Edge Washing
for a Laminar Flow Airtoil,” AIAA Aircraft Systems and Technology Conference, Los Angeles, CA (AlAA paper 78-
1512, 21-23 August 1978).

64 Details of these flight tests are included in ibid.



before active laminar-tlow control with
suction could be considered a viable
transport design option were (and still are)
embodied in this region. The external
surfaces at the leading edge must be
manufactured in an exceptionally smooth
condition (smoother than necessary at
more rearward locations) and must be
maintained in that condition while subject
to foreign-object damage, insect impinge-
ment, rain erosion, material corrosion,
icing. and other contaminants. In addition,
an insect-protection system, an anti-icing
system, a suction system, and perhaps a
purge system and/or a high-lift leading-
edge flap must all be packaged into a
relatively small leading-edge box volume.
Most of these problems equally affect the
concept of hybrid LFC and the concept of
active laminar-tflow control with suction
to more rearward positions.

The Project Office then selected the
same JetStar airplane that was previously
used for the initial insect-contamination
flight research. The test article would be
dimensionally about equivalent to the
leading-edge box of a DC-9-30 airplane, a
small commercial transport, where
solution of the packaging problems would
provide confidence for all larger HLFC
and LFC airplanes with suction to more
rearward positions. Its choice, however,
did not receive unanimous concurrence.
Dr. Pfenninger, who was then employed
by the LaRC, strongly objected to selec-
tion of an airplane with a leading-edge
sweep as high as the JetStar’s (33 de-
grees) because he expected greatly
increased difficulty in handling the large
crosstlow disturbances that would be
introduced.” The Project Office accepted
the risk. however, after extensive feasibil-

ity studies and technical evaluations of
several candidate aircraft.*

Selection of the most promising
approaches to satisfaction of LFC systems
requirements for both slotted-surface and
perforated-surface configurations was
based on several years of design, fabrica-
tion and ground testing activities.®” The
Douglas Aircraft Co. and the Lockheed-
Georgia Aircraft Co. were the major
contributors to this activity. Unfortu-
nately, the Boeing Co. did not participate
initially because of a corporate decision to
concentrate its activities on the develop-
ment of near-term transport aircraft.
Boeing became active in the laminar-flow
developments later. Inasmuch as no clear-
cut distinction existed at that time be-
tween multiple slots and continuous
suction through surface perforations made
with new manufacturing techniques
(although continuous suction had aerody-
namic advantages), the Project Office
prudently decided to continue investiga-
tion of both methods for boundary-layer
suction. The Lockheed-Georgia Aircraft
Company installed a slotted configuration
on the left wing, and the Douglas Aircraft
Company installed a perforated configura-
tion on the right wing. The leading-edge
sweep of both wing gloves was reduced
from the wing sweep of 33 degrees to 30
degrees to alleviate the crosstlow instabil-
ity problem somewhat. Figures 11-13
present illustrations of the airplane and
the leading-edge configurations.

The design of the slotted arrangement
represented a leading-edge region for a
future transport with laminar flow on both
surfaces in cruise flight and included
0.004-inch-wide suction slots (smaller
than the thickness of a sheet of tablet

65 ALB files, LHA, pocket-size “Memoranda™ notebook: entry dated 2 September 1976.

66 ALB files, LHA, folder labeled LaRC Internal Memos on LFC dated 12/3/75 to 11/16/78: Memo to Distribution from
Ralph J. Muraca, Deputy Manager, LFC Element of ACEEPO on Feasibility Studies of Candidate Aircraft for LFC
Leading Edge Glove Flight — Request for Line Division Support, 16 November {978,

67 Albert L. Braslow and Michael C. Fischer, “Design Considerations for Application of Laminar-Flow Control Systems
to Transport Aircraft,” presented at AGARD/FDP VKI Special Course on Aircraft Drag Prediction and Reduction at the
von Kdarmin Institute for Fluid Dynamics, Rhode St. Genese, Belgium on 20-23 May 1985, and at NASA Langley on 5-
8 August 1985, in AGARD Rept. 723, Aircraft Drag Prediction and Reduction (July 1985): 4-1 through 4-27.
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Figure 11a. JetStar
Test-bed aircraft for
the NASA Leading-
Edge Flight Test
program.

Figure 11b. JetStar
aircraft and team
for Leading-Edge
Flight-Test Pro-
gram. Left to right:
J. Blair Johnson,
aerodynamics
engineer; Gary
Carlson, aircraft
mechanic; Michael
C. Fischer, LaRC
principal investiga-
tor; James Wilson,
aircraft crew chief;
Donald L. Mallick,
test pilot; David F.
Fisher, DFRC
principal investiga-
tor; John P. Stack,
LaRC instrumenta-
tion technician;
Edward Nice,
aircraft mechanic;
Ron Young,
instrumentation
engineer; Earl
Adams, DFRC
instrumentation
technician; Robert
S. Baron, DFRC
project manager;
Russell Wilson,
aircraft inspector;
Richard D. Wagner,
LaRC project
manager; unidenti-
fied; Fitzhugh L.
Fulton, test pilot.
(NASA photo ECN
30203)

paper) cut in a titanium surface.® The
slots that encompassed the wing stagna-
tion line also served the dual purpose of
ejecting a freezing-point depressant fluid
film for anti-icing and for insect protec-
tion. During climb-out, these slots were
purged of fluid and they joined the other

Perforated test section

for a future transport with laminar flow on
the upper surface only—an approach that
can provide future transports with signifi-
cant simplifying advantages at the ex-
pense of a somewhat higher drag. In the
design of future transports with upper-
surface suction only, the adverse effect of

Slotted test section

suction slots for laminarization of the

boundary layer under cruise conditions.
The design of the perforated arrange-

ment represented a leading-edge region

a loss in lower-surface laminarization will
not be as great as one might expect
because the skin friction is higher on the
upper surface due to higher local veloci-

68 No leading-edge high-lift device was required for the transport aircraft conceptualized by Lockheed for this applica-

tion of LFC.



Spray nozzle

De-icer insert

* Suction on upper surface only
» Suction through electron-beam-perforated skin

+ Leading-edge shield extended for insect protection

* De-icer insert on shield for ice protection

Electron-beam
perforated
titanium skin

Figure 12. Leading-
Edge Flight-Test
program perforated
test article.

/

0.025 in. skin
thickness

* Supplementary spray nozzles for protection from

insects and ice

ties. A relatively small extension in upper-
surface laminarization, therefore. can be
used to significantly attenuate the in-
creased drag of the lower surface.

The advantages of laminarization of
only the upper surface include several
features. Conventional access panels to
wing leading- and trailing-edge systems
and fuel tanks can be provided on the
wing lower surface for inspection and
maintenance purposes without disturbing
the laminar upper surface. Laminarized
surfaces in areas susceptible to foreign-
object damage are eliminated. The wing
can be assembled from the lower surface
with the use of internal fasteners: this is

JetStar s
VSuction only / P

s
s

Collector duct

much preferable to concepts that use
external fasteners, where the fasteners
could induce external disturbances. The
initial manufacturing costs and the
maintenance costs are reduced. Upper-
surface-only laminarization also will
permit deployment of a leading-edge
device for both high lift and shielding
from direct impacts of insects. Deploy-
ment, when needed, and retraction into
the lower surface, when not needed, will
be permitted because the need for strin-
gent surface smoothness on the lower
surface will be eliminated. The test
arrangement used such a device with an
auxiliary nozzle to spray freezing-point

ar

M 0.004 in. slot

§ etering holes

Titanium skin

Figure 13. Leading-
Edge Flight-Test

; =W program slotted
~Suction and ) Collector Nomex core test article.
insect/ice \ duct outlet
protection Suction only

* Suction on upper and lower surface

* Suction through spanwise slots

¢ Liquid expelled through slots for
protection from insects and icing
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depressant fluid for anti-icing and to
provide conservatism in the elimination of
insect adherence.” Finally, Douglas used
a system for reversing the flow of air
through the perforations on the test
arrangement to remove possible residual
fluid.

Use of electron-beam technology
made possible, for the first time, manufac-
ture of holes of a small enough size and
spacing to avoid introduction of aerody-
namic disturbances as large as those that
had previously caused premature transi-
tion in wind tunnels. The successful use
of laser “drilling” of holes followed later.
The perforations in the test arrangement
on the JetStar were 0.0025 inch in diam-
eter (smaller than a human hair) and were
spaced 0.035 inch apart in a titanium skin
{over 4,000 holes per square foot of
surface area). Only very close inspection
would reveal a difference between a
perforated-wing surface and a solid one.

In general, instrumentation was
conventional but careful attention was
required to avoid any adverse interference
with the external or internal airflows. An
unconventional instrument called a
Knollenberg probe (a laser particle
spectrometer) was mounted atop a ventral
pylon on the fuselage upper surface to
measure the sizes and quantities of
atmospheric ice and water droplets. A
charging patch, mounted on the pylon
leading edge, provided a simple way to
detect the presence of atmospheric
particles and an impending loss of laminar
flow by responding to the electrostatic
charge developed when ice or water
droplets struck the aircraft surface. The
patch was investigated as a possible low-

cost application to future laminar-flow
airplanes.

The Dryden Flight Research Center
again conducted the flight tests.” After
initial tests to check out and adjust all
systems and instrumentation, the principal
effort focused on demonstration of the
ability to attain the design extent of
laminar flow under routine operational
conditions representative of LFC subsonic
commercial airplanes and on provision of
insight into maintenance requirements.
Simulated airline tlights included ground
queuing, taxi, take oft, climb to cruise
altitude, cruise for a sufficient time to
determine possible atmospheric effects on
laminar flow, descent, landing, and taxi.
Conditions representative of airline
operations included one to four operations
per day and flight in different geographi-
cal areas, seasons of the year, and
weather. Also, as in the case of commer-
cial airline operations, the airplane
remained outdoors at all times while on
the ground and no protective measures
were taken to lessen the impact of adverse
weather or contamination on the test
articles. In order not to increase pilot
workload in the operation of LFC air-
planes, the suction system was operated in
a hands-off mode (except for on-off
inputs).

All operational experience with the
LFC systems performance (for both
perforated and slotted configurations)
during the simulated-airline-service
flights was positive.”' Specifically, during
four years of flight testing from Novem-
ber 1983 to October 1987, no dispatch
delays were caused by LFC systems.
Laminar flow was obtained over the
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69 After the early JetStar flight tests on the effectiveness of wetting the leading-edge surfaces for prevention of insect
adherence, analyses and wind-tunnel tests of live-insect impacts were made by both Lockheed and Douglas to develop
detailed arrangements of leading-edge-protection methods for their selected LFC contigurations.

70 NASA Flight-test participants were: Donald L. Mallick and Fitzhugh L. Fulton, research pilots; Robert S. Baron,

project manager; Ronald Young, instrumentation engineer; David F. Fisher followed by M.C. Montoya, DFRC principal
investigators; and Michael C. Fischer, LaRC principal investigator. For background to the tlight testing, see document 4
at the end of this monograph.

71 Dal V. Maddalon and Albert L. Braslow, Simulated-Airline-Service Flight Tests of Laminar-Flow Control with
Perforated-Surface Suction Svstem (Washington, DC: NASA Technical Paper 2966, March 1990).



leading-edge test regions as planned after
exposure to heat, cold. humidity. insects.
rain. freezing rain, snow, ice, and moder-
ate turbulence. Removal of ground
accumulations of snow and ice was no
more difficult than the then-normal
procedures for transport aircraft. No
measurable degradation of the titanium
surfaces occurred. Surtace cleaning
between flights was not necessary. Pilot
adjustment of suction-system operation
was unnecessary. The simple electrostatic
“charging patch™ device appeared to offer
an inexpensive and reliable method of
detecting the presence of ice crystals in
flight (more about the atmospheric
particle problem later).

The emergence of electron-beam
perforated titanium as a wing surface that
met the severe aerodynamic, structural,
fabrication, and operational requirements
for practical aircraft applications was
considered to be a major advance in
laminar-tflow control technology by the
principal government and industry
investigators. Fabrication of the slotted-
surface test article resulted in a suction
surface that was only marginally accept-
able, resulting in poorer performance.
Some further development of slotted-
surface manutfacturing techniques,
therefore. was (and 1s) still required. Also
needed is proof of satisfactory aerody-
namic performance of the perforated
surtace at larger values of length

Reynolds number, i.e., to distances greater
than the end of the leading-edge test
article. Nevertheless. the simulated-
airline-service flights successfully demon-
strated the overall practicality of baseline
designs for leading-edge LFC systems for
future commercial-transport aircraft, a
major step forward.

Surface Disturbances: JetStar

In 1986 and 1987, the LaRC LFC
Project Office, which had continued
research on LFC after termination of the
ACEE Project.” took advantage of the
continued availability of the JetStar
airplane at the DFRC to further the
quantitative database on the effects of
two- and three-dimensional-type surface
roughness and on the effects of suction
variations.” The most significant results
that were obtained concerned clarification
of the quantitative effects of crossflow
due to sweep on the roughness sizes that
would cause premature transition. As
indicated many times in this monograph,
the adverse effect of surface protuber-
ances on the ability to maintain laminar
flow was the primary inhibiting factor to
the practicality of LFC. Although an
empirical method of determining the
quantitative effects of surface roughness
on transition had been developed much
earlier for unswept wings,™ some indica-
tions had later become available” that
wing sweep (crossflow effects) might

72 Richard D. Wagner headed the LaRC LFC Project Office during the 1980s (at first, still under ACEE) and was followed
by ES. Collier, Ir. The author, after his retirement from NASA in 1980, continued to provide significant input into the
planning. analysis and reporting of much of the experimental research and development activities through local aerospace
contractors. Dal V. Maddalon was technical monitor for these contracts. See ALB files, four folders labeled SASC (Systems
and Applied Sciences Corporation) and one folder labeled Analytical Services and Materials, Inc. (April, 1980 through Sept.,
1993).

73 Dal V. Maddalon. ES. Collier, Jr.. L..C. Montoya, and C.K. Land, “Transition Flight Experiments on a Swept Wing with
Suction” (AIAA paper 89-1893, 1989); Albert L. Braslow and Dal V. Maddalon, Flight Tests of Three-Dimensional Surface
Roughness in the High-Crossflow Region of a Swept Wing with Laminar-Flow Control (Washington, DC: NASATM
109035, October [993); Albert L. Brastow and Dal V. Maddalon, Flight Tests of Surfuce Roughness Representative of
Construction Rivets on a Swept Wing with Laminar-Flow Control (Washington, DC: NASATM 109103, April 1994).

74 See von Doenhott and Braslow. “The Effects of Distributed Surface Roughness on Laminar Flow,” pp. 657-681,
cited in footnote 27.

75 Dezso George-Falvy, “In Quest of the Laminar-Flow Airliner—Flight Experiments on a T-33 Jet Trainer,” 9th
Hungarian Aeronautical Science Conference, Budapest, Hungary (10-12 November 1988).
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exacerbate the roughness effects. Analysis
of the additional JetStar data™ indicated
that the adverse eftect of crossflow
occurred for two- rather than three-
dimensional type roughness.”

Figure 14 plots a roughness Reynolds
number parameter against the ratio of
roughness width to height.” The symbols
represent data for unswept wings with no

type roughness (ratios of roughness width
or diameter to height of approximately 0.5
to 5.0) located in a high crossflow region
is the same as that previously established
in zero crossflow; 2) only for more two-
dimensional type roughness (roughness
width to height ratios equal to or greater
than approximately 24) will high
crossflow decrease the permissible height

R S N B B W l l

Figure 14. Com-
parison of swept- -~
wing surface Critical |
roughness [
rqughness data Reynolds |
with unswept-wing number —
von Doenhoff- parameter, sl
Braslow data R
correlation. (0 Swept-wing high crossflow
- wind-tunnel data
JetStar swept-wing high crossflow
| hot-film data (2D roughness)
— JetStar swept-wing insect strike
data (3D roughness)
1 I | L L[l ftl
A .2 4 6 810

2 4 6 8 10 20 30

Roughness width/roughness height, d/k

crossflow except for a group of three
identified for swept wings in high
crossflow.” The vertical bracket indicates
a range of roughness data obtained on the
sweptback JetStar in a region of high
crossflow. The horizontal line represents
other roughness data obtained on the
JetStar in both low and high crosstlow.
The important conclusions are: 1) for
practical engineering application, the
permissible height of three-dimensional

of roughness; and 3) for values of rough-
ness width to height ratios equal to or
greater than approximately 30, develop-
ment of a different criterion for permis-
sible roughness height is required. Infor-
mation of this kind is crucial for the
establishment of the manufacturing
tolerances and maintenance requirements
that must be met for surface smoothness.

76 From the second and third sources cited in footnote 73.

77 For any reader interested in a brief summary of the basic two- and three-dimensional roughness effects on laminar
flow without crossflow, the discussion on pages 2-4 of the second citation in footnote 73 is recommended.

78 From Figure 7 of the third source cited in footnote 73.

79 See von Doenhoff and Braslow, “The Effects of Distributed Surface Roughness on Laminar Flow,” pp. 657-681. cited

in footnote 27.
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Atmospheric Ice Particles: Boeing 747s
and JetStar

As indicated in the section on the
post-World War 1l to mid-1960s period,
the practical significance of atmospheric
ice particles on the amount of time
laminar flow might be lost on operational
aircraft was not known because of a lack
of information on particle concentrations.
Unanalyzed cloud-encounter and particle-
concentration data became available from
the NASA Lewis Research Center (LeRC)
Global Atmospheric Sampling Program
(GASP) in the late 1970s. From March
1975 to June 1979, NASA obtained data
with instruments placed aboard four 747
airliners on more than 3,000 routine
commercial flights that involved about
88,000 cloud-encounters.™

With the GASP data, Richard E.
Davis of the LaRC estimated average
cloud-cover statistics for several long-

distance airline routes. He then made
conservative estimates of the probable
loss of laminar flow on these major airline
routes by assuming that all cloud encoun-
ters cause fofal loss of laminar flow, t.e.,
that the percentage loss of laminar flow
on a given flight is equal to the percentage
of time spent within clouds on that flight.
For further conservatism, he assumed that
pilots would make no attempt to avoid
flight through clouds. Figure 15 is an
example of the potential laminar-flow loss
on some of the major airline routes—Los
Angeles-Tokyo, New York-London, and
New York-Los Angeles. The figure also
includes a world average. These results
now make it apparent that cloud encoun-
ters during cruise of long-range commer-
cial air transports are not frequent enough
to invalidate the large performance
improvements attainable through applica-
tion of LFC.

80 William H. Jasperson, Gregory D. Nastrom, Richard E. Davis, and James D. Holdeman, GASP Cloud- and Particle-
Encounter Statistics, and Their Application to LFC Aircraft Studies, Vol. I: Analvsis and Conclusions, and Vol. [1:
Appendives (Washington, DC: NASA Technical Memorandum 85835, October 1984).
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In addition, during the JetStar LEFT
program, the Dryden flight-test team
measured the size and concentration of
atmospheric particles encountered at the
same time they measured the degree of
laminar-flow degradation. With these
LEFT measurements, Davis at LaRC
provided some validation of the Hall
theory of laminar-flow loss as a function
of atmospheric particle size and concen-
tration.”!

Hybrid Laminar-Flow Control
(HLFC): Boeing 757

The hybrid laminar-flow control
concept integrates active laminar-flow
control with suction (LFC) and natural

laminar flow (NLF) and avoids the
objectionable characteristics of each. The
leading-edge sweep limitation of NLF is
overcome through application of suction
in the leading-edge box to control
crossflow and attachment-line tnstabilities
characteristic of swept wings. Wing
shaping for favorable pressure gradients
to suppress Tollmien-Schlichting instabili-
ties and thus allow NLF over the wing
box region (the region between the two
wing structural spars) removes the need
for inspar LFC suction and greatly
reduces the system complexity and cost.*?
HLFC offers the possibility of achieving
extensive laminar flow on commercial or
military transport aircraft with a system

81 See Hall, “*On the Mechanics of Transition,” cited in footnote 36.

82 Examples of additional complexities associated with suction over the wing box include: manufacture of a structural
box of sutficient strength and light weight with slots or perforations over a much more extensive area of the wing skin:
extensive internal suction ducting that decreases the internal wing volume available for storage of airplane fuel; larger
suction pump(s) than otherwise needed; an increased difficulty in providing the required surface smoothness and fairness
for maintenance of laminar flow over inspection panels in slotted or perforated surfaces when laminarization of both
upper and lower surfaces is desired; and a need to avoid hazards due to possible leakage of fuel into the suction ducting.
These complexities, along with other special features, increase airplane weight and manutacturing costs as well as

maintenance costs.
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no more complex than that already proven
in the LEFT program on the NASA
JetStar.

The relative place of HLFC. LFC and
NLF in the wing-sweep-to-aircraft-size
spectrum is indicated in Figure 16. On a
grid of chord Reynolds number vs.
quarter-chord sweep are plotted various
items. The shaded area indicates the
approximate chordwise extent of natural
laminar flow attainable on a wing with
initially decreasing surface pressures in
the direction towards the trailing edge
(upper left plot). Ranges of wing chord
Reynolds number in cruise for four
commercial transport airplanes are
superimposed—tor the Douglas DC-10,
Lockheed L-1011. Boeing-757 and
Douglas DC-9-80 airplanes. For each
airplane, the wing chord Reynolds
number decreases along the span from
root to tip because of a taper in the wing
planform.

The figure indicates that natural
laminar flow can be attained only on

regions of the wings near the wing tips.
As the wing-section chord increases
(increased Rc) due to either a location
nearer the wing root or an increase in
airplane size, the chordwise extent of
laminar flow decreases (due to increased
Tollmien-Schlichting instabilities). Also,
less laminar flow is attainable as the wing
sweep increases (due to increased
crosstlow instabilities). The use of wall
suction, however, permits the mainte-
nance of laminar flow to large chordwise
extents at both high sweep and large size
(high Reynolds number), as indicated by
the X-21 data point, but at the expense of
complexities due to the extensive suction
system. A combination of principles for
active laminar-flow control and natural
laminar flow—hybrid laminar-flow
control (HLFC)—greatly increases the
size of high subsonic-speed airplanes for
which large extents of laminar flow can
be obtained as compared with natural
laminar-flow airplanes. For example,
compare the chord Reynolds number for
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Figure 17. Improve-
ment in lift-to-drag
ratio due to laminar
concepts.



Figure 18. 757
subsonic hybrid
laminar flow control
flight experiment.
(NASA photo L-90-
9549)

Wing glove

60-percent chord laminar flow with
HLFC on the upper surface with the chord
Reynolds number for natural laminar flow
(of a smaller relative extent) on Citation
Il and Learjet airplanes, also plotted in
Figure 16.

Figure 17 plots the percentage
improvement of litt-to-drag ratio (L/D)*
for each of the three laminar-flow con-
cepts as compared with a turbulent
airplane, plotted as a function of airplane
wing area. The figure shows a large
improvement in L/D tor HLFC as com-
pared with NLF. For the larger airplanes,
of course, appreciably larger benefits are
obtained with active laminar-flow control
with suction to positions farther aft. As in
the case of LFC farther aft, the concept of
hybrid laminar-flow control requires
smoothness of surface finish and contour
as well as protection from insect residue
and ice accumulation in the leading-edge
region. The systems developed in the
LEFT program for the leading-edge
region are equally applicable for the
hybrid laminar-tlow control application.

Under a participatory arrangement
between the LaRC, the USAF, and the
Boeing Commercial Airplane Company.
Boeing flight tested the effectiveness of
hybrid laminar-flow control on a com-
pany-owned 757 airplane in 1990. Figure
18 shows an HLFC glove installed on a
large section of the left wing. The systems
in the leading-edge wing box are very
similar to those flight tested on the JetStar
airplane—a Krueger tlap™ for insect
protection and high litt; a perforated
titanium suction surface; and suction to
the front spar with an ability to reverse
flow for purging. Rather than use ejection
of a freezing-point depressant, the design
encompassed thermal anti-icing, i.e.,
reversal of the airflow and expulsion of
heated air through the perforations in the
leading-edge region. Boeing pilots flew
the airplane at transport cruise Mach
numbers and altitudes.

The primary goal was to establish the
aerodynamics of HLFC at Reynolds
numbers associated with medium-size
transport airplanes to reduce industry

83 L/D is a significant measure of acrodynamic performance.

84 “Krueger™ designates a specific type of leading-edge high-lift device (flap) that retracts into the wing lower surface.
When used for an active laminar-flow control application, the flap also shields the wing from insect impacts during
takeoft and Janding and when retracted under the leading edge for cruise, does not interfere with the upper-surface

laminar flow.
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risks to acceptable levels. Results were
very encouraging. Transition location was
measured several feet past the end of
suction and with less suction than esti-
mated. The Krueger leading-edge flap
proved effective as the insect shield.
Existing manufacturing technology
permitted construction of the leading-edge
box to laminar-flow surface-quality
requirements. All necessary systems
required for practical HLFC were suc-
cesstully installed into a commercial
transport wing.®

Research engineers at the LaRC
calculated the benefits of the application
of hybrid laminar-flow control to a 300-
passenger long-range twin-engine sub-
sonic transport.*® With what appear to be
reasonable assumptions of 50-percent
chord laminar flow on the wing upper
surface and 50-percent chord laminar flow
on both surfaces of the vertical and
horizontal tails, HLFC provides a 15-
percent reduction in block fuel from that
of a turbulent transport.*” Application of
HLFC to the engine nacelles has the
potential of at least an additional 1-
percent block-fuel reduction with laminar
flow to 40 percent of the nacelle length.™

Supersonic LLaminar-Flow Control: F-
16XL

In the late 1980s, the Laminar-Flow
Control Project Office of the Langley
Research Center reactivated a long-

dormant consideration of LFC for com-
mercial supersonic transports as part of a
NASA technology-development program
for high-speed civil transports. As is the
case for subsonic flight, potential benefits
of the application of LFC to supersonic
transports include increased range,
improved fuel economy, and reduced
airplane weight. Reduced fuel consump-
tion will not only improve economics but
will also reduce a potential adverse
impact of engine emissions on the earth’s
ozone layer from flight of supersonic
airplanes at higher altitudes than those for
subsonic flight. Additional benefits of
reduced airplane weight at supersonic
speeds are a decrease in the magnitude of
sonic booms* and a reduction in commu-
nity noise during takeoft.” Also, the lower
skin friction of laminar boundary layers as
compared with turbulent boundary layers
is of even more importance at supersonic
speeds than at subsonic speeds because
the associated aerodynamic heating of the
surface by the skin friction is an important
design consideration at supersonic
speeds.”’ The Boeing Commercial Air-
plane Company and the Douglas Aircraft
Company of the McDonnell Douglas
Corporation,” both under contract to the
LaRC LFC Project Ottice. tirst studied
needed aerodynamic modifications and
associated structural and systems require-
ments to arrive at a realistic assessment of
the net performance benefits of super-

85 A generally-available technical report on the HLFC flight tests has not been published.

86 Richard H. Petersen and Dal V. Maddalon, NASA Research on Viscous Drag Reduction (Washington, DC: NASATM
B4518. August 1982).

87 Block fuel is the fuel burned from airport gate to airport gate, excluding fuel burned due to any delays.

88 ALB files. LHA, PK. Bhutiani, Donald F. Keck. Daniel J. Lahti, and Mike J. Stringas, “Investigating the Merits of a
Hybrid Laminar Flow Nacelle, The Leading Edge™ (General Electric Company. GE Aircraft Engines, Spring 1993).

89 The magnitude of a sonic boom is proportional to the airplane lift which is proportional to the airplane weight at a
given cruise speed. 1f sonic-boom overpressures are reduced below a value of one pound per square foot, overland
supersonic cruise may become atlowable.

90 Takeoft noise is reduced by a reduction in takeoft thrust requirements resulting from lower weight.

91 Reduced aerodynamic heating increases material options. enhances the potential for unused fuel as a heat sink for
airplane environmental control systems. and decreases the detectubility of military aircraft.



Figure 19. Two-
seat F-16XL
Supersonic Lami-
nar-Flow-Control
flight research
aircraft with a
suction glove
installed on the left
wing. (NASA photo
EC96-43831-5 by
Jim Ross).

Suction glove

sonic-LFC implementation. Although
promising conclusions were reached, the
studies indicated the need for additional
research and development specific to the
supersonic application. Recommendations
were made for supersonic flight research on
HLFC.*

After additional analyses, wind-tunnel
testing and exploratory flight research at the
DFRC on two prototype F-16XL airplanes
denoted as ship 1 and ship 2, DFRC also
flight researched a laser-perforated titanium
glove installed on the left wing of ship 2
(Figure 19).* Under LFC Project Office
management, the Rockwell Corporation and
the Boeing Company manufactured and
installed the glove and the Boeing and
Douglas Companies supported DFRC with

the flight research and analysis. Specific
objectives were to determine the capability
of active LFC to obtain a large chordwise
extent of laminar flow on a highly-swept
wing at supersonic speeds and to provide
validated computational codes, design
methodology, and initial suction-system
design criteria for application to supersonic
transport aircraft. To make accurate mea-
surements, the investigators installed an
extensive array ot hot-film, pressure, and
temperature instrumentation and provided
real-time displays of the measurements.
They completed thirty-eight tlights with
active boundary-layer suction and experi-
enced very few problems with the suction
system.” The laminar-flow data are
currently restricted in distribution.

92 Now part of Boeing.

93 A.G. Powell, S. Agrawal, and T.R. Lacey, Feasibility and Benefits of Laminar Flow Control on Supersonic Cruise
Airplanes (Washington, DC: NASA Contractor Report 181817, July 1989); Boeing Commercial Airplane Company,
Application of Laminar Flow Control to Supersonic Transport Configurations (Washington, DC: NASA Contractor
Report 181917, July 1990).

94 NASA flight-test participants were: Dana Purifoy and Mark P. Stucky, research pilots; Marta R. Bohn-Meyer and
Carol A. Reukaut, project managers: Michael P. Harlow, aircraft crew chief; Lisa J. Bjarke, DFRC principal investigator;
and Michael C. Fischer, LaRC principal investigator.

95 See document number 6 at the end of this monograph for the flight log of the F-16XL number 2.
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Status of Laminar-Flow Control
Technology in the Mid-1990s

The status of laminar-flow control tech-
nology in the mid-1990s may be summa-
rized as follows:

Design methodology and related
enabling technologies are far advanced
beyond the X-21 levels.

Improved manufacturing capabilities
now permit the general aviation indus-
try to incorporate natural laminar flow
in some of its aircraft designs for chord
length Reynolds numbers less than 20
million, but active laminar-flow
control, required for larger aircraft and/
or aircraft with highly-swept wings, has
not yet been applied to any operational
aircraft.

Although some additional structural
and aerodynamic developments are
required, the recent programs have
brought the promise of laminar tflow for
moderately large and very large sub-
sonic transport aircraft much closer to
fruition than ever before.

Hybrid laminar-flow control simplifies
structure and systems and offers
potential for 10- to 20-percent improve-
ment in fuel consumption for moderate-
size subsonic aircraft.

Hybrid LFC may be the first applica-
tion of suction-type laminar-flow
control technology to large high-
subsonic-speed transports because of its
less risky nature.

Although much of what has been
learned about subsonic laminar-flow
control is applicable to supersonic
speeds, considerable additional work is
required before supersonic laminar-
flow control can be applied to opera-
tional aircraft.
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AACB

ACEE

AGARD

AIAA

Attachment line

Chord

DAG
DFRC
DOD
DOT
FAA
GASP

Glove

Hall

HLFC

Krueger flap

LaRC

LEFT

Length Reynolds number

Glossary

Aeronautics and Astronautics Coordinating Board
Aircraft Energy Efficiency Program

Advisory Group for Aeronautical Research & Development, North
Atlantic Treaty Organization

American Institute of Aeronautics and Astronautics

On a sweptback wing, the line at which the airflow divides to the
upper and lower surfaces

The length of the surface from the leading to the trailing edge of an
airfoil

Division Advisory Group

Dryden Flight Research Center

Department of Defense

Department of Transportation

Federal Aviation Administration

Global Atmospheric Sampling Program

A special section of an airplane’s lifting surface, usually overlaying
the basic wing structure, that is designed specifically for research
purposes

Originator of a theory that indicates when laminar flow would be lost
as a function of atmospheric particle size and concentration

Hybrid Laminar-Flow Control

A specific type of leading-edge high-lift device (flap) that retracts into
the wing lower surface. When used for an active laminar-flow control
application, the flap also shields the wing from insect impacts during
takeoff and landing and when retracted under the leading edge for
cruise, does not interfere with the upper-surface laminar flow.

Langley Research Center

Leading-Edge Flight Test

When the representative length in the formulation of the Reynolds
number is chosen as the distance from the body’s leading edge to the

end of laminar flow, the resultant length Reynolds number can be
used as a measure of the length of laminar flow attained.
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LeRC
LFC
LTPT
NACA
NASA
NLF
OAST
RAE

Reynolds Number

Three-dimensional type surface
disturbances

Two-dimensional type disturbances

TACT

Tollmien-Schlichting instabilities

USAF

WADD

Lewis Research Center (now Glenn Research Center)
Laminar-flow control

[Langley] Low-Turbulence Pressure Tunnel

National Advisory Committee for Aeronautics

National Aeronautics and Space Administration

Natural laminar flow

Office of Aeronautics and Space Technology of NASA

Royal Aircraft Establishment

A non-dimensional value equal to the product of the velocity of
a body passing through a fluid, the density of the fluid, and a

representative length divided by the fluid viscosity.

Three-dimensional type surface disturbances are those with
width or diameter to height ratios near a value of one.

Examples of two-dimensional type disturbances are stream
turbulence, noise, and surface irregularities having large ratios
of width (perpendicular to the stream flow direction) to height,
like spanwise surface steps due to mismatches in structural
panels.

Transonic Aircraft Technology

Very small two-dimensional type disturbances that may induce
transition to turbulent flow-—named after German aerodynami-
cists Walter Tollmien and Hermann Schlichting.

United States Air Force

Wright Air Development Division
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REPORT OF THE SUBPANEL ON
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4.1 Aeradynamics
4.1.1 Form and Induced Drag

The recommended program concerns the development of new
wing concepts and conf1gurations that offer potential for fuel conservation
by reducing wing form and induced drag. Specifically, research on induced
drag reduction concepts should exploit the relaxed restraints on wing
geometry which are possible through the applications of advanced materials,
active controls and advanced airfoils. Higher aspect ratios and lower wing
sweep than currently used in existing aircraft are two areas where sfgnif-
icant gains in the reduction of form and induced drag may be achieved. In
order to realize these benefits, wind tunnel research must be done to
optimize wing planforms. Also included in the program are studies to
develop high design 1ift boefficient supercritical airfoils, necessary for
suppression of transonfc drag rise of high aspect ratio wings.

Studies of winglets at the Langley Research Center by
Dr. R. T, Whitcomb are sufficiently promising ta encourage fncreased effort.
This fuel conserving concept haslthe attractive feature that it seems fiossible
to retrofit existing aireraft with winglets, and thereby effect a near-term
introduction of a fuel conserving concept into commercial and military
service. Continued wind tunne) development of this conceﬁt 18 needed, and
studies should now be undertaken to address the practical aspects of using
winglets (e.9. - evaluations af structural weights, assessments of flutter

problems, and comparisans wfth increased aspect ratio). Pending the outcame

of these practicality studies, an existing aircraft should be fitted vwith
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wjnglets and flight tested to verify the performance gains. Consideration
should be given to a joint USAF/HASA flight program with a military trans-
port such as a KC-135.
4.1.2 Skin Friction
Although much of the required basic work in laminar flow

control has been done, some aerodynamic research is needed to evaluate the
effectiveness of now available 11ghtweight porous or perforated composite
materials as suction surfaces and to examine the application of LFC on
supereritical afrfoil sections. However, the primary need now is to
bridge the gap between the aeradynamic experiments that have been done
and the manufacturing and operational data needed for cammercial or military
transport design. This will require structural evaluations of LFC con-
cepts to assure satisfactory performance of suction panels to meet the
design criteria of transport aircraft and total systems integration studfes
to address the details of LFC component matching, suction surfaces, ducts,
and suction campressors. Finally, a f1ight program will bé reqguired,
This program will supply manufacturing data and experience, maintenance '
data, and operational experience essential to implementation of this
energy-saving concept by the airframe manufacturers. A funding level for
this flight program,beginning in the late 1970's, is anticipated to be
abproximateTy 60 million dollars.

Research on compliant walls is needed to uncover the mechanisms
involved in the drag reduction phenomenon. Compliant materials should be

¢
studied to determine the properties which are important to achieve drag

4y,
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reductian and establish criteria to assure sound applications of
compliant materials to aircraft. As the RAT efforts on compliant
walls proceed, limited flight testing of the most promising materials
could beg*n. Small panels of compliant materials would be fitted to
aircraft in order to evaluate the durability of the materials in the
Flight environment. With the selection of the most promising material,
a large panel would then be fitted to the fuselage of an existing atrcraft
and local skin friction reductions verified with in~flight measurements.

A small effort is included in the proposed program
to continue RAT on alr fnjection through slots as a means of reducing
turbuTent friction. Studies will be made to establish the effectiveness
of this concept at low speeds.

4.1.3 Propulsion-Airframe Integration

The propulsion fntegration research is directed
toward the reduction of aerodynamic drag and the development of favorable
interference 19ft by proper integration of the propulsion system with
the airframe. Fuel conserving concepts ta be investigated would include
the use of over-the-wing jet-blowing to reduce the induced drag; airframé,
nacelle, and pylon contouring in reduce installation drag; and the use
of thrust vectoring with supercirculation to improve cruise 1ift-drag
ratios.

As indicated in the "Technical Opportunities" Section,
propulsion integration studies are generally inhibited by a lack of capa-
bility in our wind tunnel facilities to adequately simulate Reynolds number.

Therefore, this panel endorses the.construction of high Reynolds number
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facilities to meet this need.
4,1.4 Aerodynamics of Controls

To achieve maximum benefits from the applications of
active controls to conmmercial and military transports, more information
is needed on the optimization of control surfaces on supercritical wings.
These control surfaces could include leading and trailing edge controls,
upper and Tower surface spoilers, and other innovative concepts cuch
as tip-mounted surfaces., Force and both steady and unsteady pressure
measurements would be made on wind tunnel models to define chordwise
and spanwise load distributfons, hinge-moments, and control surface
rate and amplitude requirements.

4.1.5 Unconventional Aircraft Configurations

Aerodynamic studies are needed to support development of
unconventional afreraft concepts which can lead to significant energy con-
servation. Span loader concepts, for example, require the development of
suitable thick afrfoils; optimum airfoil contours for thickness ratios
exceeding 20 percent must be determined.

The skewed wing concept has indicated in early tests that
high cruise efficiency can be achieved over the Mach number range from 0.7
to 1.4. Further study fs required to develop optimized skewed wing de-
signs, avaluate aergelastic behavior, and propulsion integration effects.
In FY 1977, flight tests for a manned aircraft modified to accommodate an

oblique wing is proposed.




4,1 AERODYNAMICS

(NASA)

ADDITIONAL REQ'D FNDS

PROGRAM AREA DEFICIENCY/OPPORTUNITY PROPOSED PROGRAM ADDITION | NET ReD + RPN ($K)
Y
76 77
FORM & INDUCED ® INDUCED DRAG REDUCTION |8 AERODYNAMIC EVALUATIONS
WITH VORTEX DIFFUSERS - |® ANALYSIS OF PRACTICALITY
(WINGLETS) (1.E. - WEIGHT, FLUTTER, 500 200
(POSSIBLE RETROFIT) COMPARISON WITH INCREASED AR)
. . ® FLIGHT VALIDATION 1700 1000
® TRANSONIC DRAG-RISE 6 STUDY HIGH DESIGN C,_ AIRFOILS
REDUCTION WITH SUPER- 8 STUDY WING DESIGNS, CONFIG. 220 20
CRITICAL AERQ (HIGHER AR, LOWER SWEEP)
SKIH- FRICTION O MAINTENANCE OF LAMINAR |0 LFC AERODYNAMIC STUDIES )
FLOW WITH LAMINAR FLOW (SUPERCRITICAL AIRFOILS,
CONTROL SHOCKS, NOISE) =~ .
\ 750 800

0 MATERIALS FOR SUCTION
SURFACES

0 STUDY LFC A/C SYSTEMS
0 FLIGHT PROGRAM

ﬁmcqcmmy 60,000




4,1 AERODYNAM
(NAS

ICS (CONT)
A)

PROGRAM AREA

————— T

DEFICTENCY/OPPORTUNITY

PROPOSED PROGRAM ADDITION

ADDITIONAL REQ'D FNL
NET RRD + RPM ($K)

CONTROLS

REDUCTION WITH ACTIVE
CONTROLS (REDUCED STABILITY]
MANEUVER AND GUST LOAD
ALLEVIATION)

THE EFFECTIVENESS OF CONTROLS
(STATIC & DYNAMIC)

u<
76 77
SKIN FRICTION 6 TURBULENT FRICTION 9 STUDY BASICS OF COMPLIANT .
REDUCTION WITH COMPLIANT | WALL PHENOMENON 450 450
WALLS 6 DEVELOP COMPLIANT MATERIALS
0 FLIGHT VALIDATE 0 500
@ TURBULENT FRICTION 8 ESTABLISH SUBSONIC 100 100
. REDUCTION WITH AIR EFFECTIVENESS
INJECTION ‘
PROPULSION-AIRFRAME |8 SUPERCIRCULATION TO IMPROVED WIND-TUNNEL STUDIES TO 300 400
INTEGRATION CRUISE L/D, (OVER-THE-WING| FSTABLISH EFFECTIVENESS
BLOWING, THRUST VECTORING)
10 LACK OF SUFFICIENT RN IN G SUPPORT CONSTRUCTION OF HIGH
FACILITIES RN FACILITY
AERODYNAMICS OF 0 TRIM DRAG & WEIGHT D ESTABLISH AERO DATA BASE ON 200 300
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4.1 AERODYNAMICS (CONT)
(NASA)

ADDITIONAL REQ‘D FNDS

PROGRAM AREA | DEFICIENCY/OPPORTUNITY PROPOSED PROGRAM ADDITION NET R&D + RPM (3K)
Y
76 77
UNCONVENT IONAL A/C . 8 LARGE DEDICATED CARGO A/C |9 um<m_|o_u‘._.zmnx AEROFOILS, 300 600
CONF1GURATIONS (E.G., SPANLOADERS, TANDEM{ - AND 3D CONFIG,
WING, TIPCOUPLED, ETC.) |
8 SKEWED WING 0 DEVELOP WING PLANFORMS, )
) . THICKNESS DISTRIBUTION, AND
AIRFOIL SECTIONS FOR BEST
) 8 TEST AEROELASTIC MODELS
€ EVALUATE PROPULSION
INSTALLATION EFFECTS )
500 2500

amerzqmcprcpamozwmv<~pzu
MANNED :
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ASHOMAUTICAL SYSTEMS DIVISION

R3POXT OF. RIVISYW GROUF ON
X~214 LAKIFAR PLOW CONTROL FROGRAM

14-15 Octobar 1965

S I

. : at .
NORAIR DIVISION, NORTHROP CORE.

HAWTHORNE, CALIFORNIA

g -I-Icv'crnber 1965

LR Rt 3 A YR IIRPEN B a3

W e sk " actod - ko4

Document 2—Report of Review Group on X-21A Laminar Flow Control Program
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I. INTRODUCTICY AND HISTORICAL BRVIZV: .

A. The %=21a Laninar Flow Controel Demonstration Progrsm wes initiated
in August, 1960, following thorough studies and a Tecommendation by the
Zelentific Advigory Hoard Aerospace Vohioles Panel. With the predictable
and repeatable attaimment in flight of large lamina.r- areas at high oherd
Reynelda numhers; the program has now reached o orucial stage. Thoe proof
af full opsrational praoticadility under field conditions emerges as &
finnl, esascntial objootive yet to be accomplished. If sucoessful, such a
demonstration would complete much of the groundwork nscessary for applying
IFC to a suitable military prototype.

B. The datailed progressb of the X—21A progras is well dooﬁmcnted and
need not be described hers. By way of background, reference ial rade to
’the SAB Raport of the Aerospacs Vehiclas Panel on “Boundary Layezf Contz;al",
25 Juna 1959, The ;:rogram wé.s reexeminsd by the ?ehicleél Fenel in reporta
dated Noveober 1961 and Novembar 1962, lore recantly, the ASD Diviaion ’
Advisory Qroup held and reportai on an extensive Teview of 22-23 Jums 1964,
and there was a USAF Program Raview on 13 January 1965,

0. As g follow-up step to the two reviews cited above, the need for
the 'prcscnt review was reilerated in a- letter, dated 17 Ss;_pte:ﬂ:lar 1965,
from Commander, Ressarch and Technology Divwision, APSR. The intention hed
bean to .assem'bls the originel committen_of last year walieh wea composod of
aavarall individuals from the DAG and SAB plus Trepresentatives of the
airfrems industry, KASA and FAA, Becsuse only orn2 DiJ member could attend,

it wes sgraed to includs non~DAG poarticipants in the exacutive sesaionsg

and g3 signatoriss of this docurant, which fact explains why it cannct be
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Tormally ldentified as a DAT repoft. Troe chairman BxpreaaasAhis appreciation
for the able participation and suppori of all induatry, NASA and FAA
rapresentatives, as wnll ma to the oany Morair ﬁivision perspnne} for an
afficient, responaivé prezentetion,

D. The roviewing comzittse finds that mest, but not all, of the
teohniéal recommondations made in the June 1964 report have been thoroughly
implomented. The roguiromﬁnt for further flight ressarch of & fundamantal
solentific n;tu;o 13, howsver, regerded ms secondary in comparison with
the eerly aceumﬁlstion of field operational experience on the x-21A; ‘This
conciusian is elaborated in Section II ﬁelow. As oxpediticuﬁly.aé poasible
the remaindsr of the program must dbe so orientod as to maximisza its
technological and operational. contributiona toward potential development
af a military protot}pe embodying we. -Although a number of gquostions are
_ ¥yet to be answered, the commi ttee discusse@ and was Faverably impregsnd by
such caoncepta as lamingrizing portions of the wing of a largoe militsry
transport {e,z., one or two drsvm from the C-54 line}. The committea
rocomsends that USAF intensify its study of sush applicationa and ssuartain
tho morita of LPC — relative to or in combination with Teduced-SPC anginns,
hyﬂrogﬁn fusl, ot6. — as = mesna for increasing range, ondurance and/or
paylead. '

1I. CbﬁCLUSIONS AND RICOMMIEHDATIONS:

» T:e committes's conclusion= =2re organiged ae regpouses to the five
gqusrtiosns sontained in'tha charitering létter.' For completencsa, these
questlons are also reproducad here.

A, ("Mmat is the aignific#nce of rzsulta achievzd during ke past

year?") A numder of definite repulta bawe heen obiained in the arces of
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aerodynamica, structures gnd environmental influsnces. In a bread way,
it cgn b said that distinct progress has boon made and thet s number of
questi ong and problems which exigted lgst year now have fairly clsar ansvers.
The resulte derived from work on these guestions and problems will be
enumerated and discussed.

i, Aeradynamic ;' Save for sama unéertanties Tegarding 1aading-

adge oontamlnatlon by turbulence from the fuaalasa, the committee concludna

-that tegts heve verified the method of asrodynamioc design. The basis for

this statement is that the desigh remaine s ariginally laid down seversl
years ago, ezcept for the leading—edge modlflcationa. In mid-1964 it wa
believed that the cause of tha {rouble with the laading adge had been
found. The Tesulting theory appears to have bamon canfirmed, and design
eritoria to svoid the diffioulty have been watablishad.

eans foT controlling laaaing—edge cnntamlnatlon fram the fuselage
hava been doveloped sl praven in flight. They sre two in number: a
special ferce and a sustion lepding—odge portion containing vertical slots.

On scmd parts of tﬁe wing laminar runc up to length Rsyn&lds
numbetr 46 milllon have been damonstrated. Last year consistently ﬁbtaincd
sarima were less then balf this figuce. GOenerzl reseerch and englneering
work have nrogrosned ta the point where aerodymamic dezign proccdures.sui:—
abdle for Reynolds puobers of 60 million are knaowm., They would, howsver,
raquire flight verificatian.

Same dircot over=azll drag megsurements by spesd=pover proceduras
heve Yeen made, resulting in gocd egrecment with prediétions. Slot dasign,
with reserd to size, heg been plzood on a more guantitative dasie by oeans

0f & Reynoelds number criterion delernined from leboratory tests.
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1§. Structural Surface Criteria. Krowledze haa bdeen gained concerning

two aspoots of the laminarizod win; surfscet

1. A previously suggesied criterion for the allovable sigse
of single aurfacé waves has been confirumed in.flight.

2. Vibration of isolated pansls st = dlacTets frequency hasa
not distrubed the leminar f£low.
Althoughvthe maximum pormicsible waviness has not been astablishsd,-thg
present requirsmsnis gan be maﬁ using oaraful manufacturing ;cchniquea.
The vibration and seooustic tests indiocate that noiss itransmitted through
the struoture or looal panel resonancos wlll frobnhly nat bo a prodlem ‘
for LFO airplanes.

iii.A Savironment. ‘App;GCiablc new information haz been gained
concefning tho ¢ffeots of local enfironment an th; fusctioning of the
laminarized wings |

1, Sxterna) noise: Laminar flow parsiatod to sound levels
approrimetely 6 4b nhéva the eatablished criterion. Th; maxizum allowablel
level was not dotermined, but further ieste sre proposed using an acoustic
gaﬁarator 1n the upper fusalege. °

2. Internal noiss: Noise gensrated within the LFC suction

ducts doea not disturb the laminar flow unlass the dwot 1o forced at
rescnant frequoncies thet produce unusually lﬁrga disturbances outside
the suction slotis.

3. Cloudss Althouga laminardiy is los4 durdng flight through

.cluuds, it i3 reestablished a fow seconds after roturn to clear air,

4, Turbulence: Atmospheric turbulanme of a level to change ths
wing angle of attack through 319 and to pradusn #0.35 of C.G. acceleration
does net disturb the laminar flcw.

4

™
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5. Dff—design Flight: Small alterationa in flight condition e, <
0.04 orA 1% 0.03), resulting from maneuvers or ohanges in speed or’
nititude, have nat affected the laminar flow to an appreciable extent.

6. TInaco3 Contaminations Surface contamination due to insect strikes

has not disturbed the leminar f£low. However, the flights have bean made in
a desert area whara the insect population is notably gparse and of small

giza. Tha Favorahle results so far are not necessarily indicative of the

effacts'of wurld—wi@a opc?ation.

Be  ("What technical and operational considerations are as yet
unangwered ¥} The conslusion was resched many years ago, based on ertonsive
gnalysis and wind-itunnel studies on aoooth models under earefully controlled
‘oonditinps, that large arcas of laminar flow could be maintained at high
Reyncids nunbers by means of boundery layer control. .On the basis of
these and gubsequent ;nVQatigationa, the teohnical approach to aerodynemically
designing an LFC wing hes become remsonably well understood, although
detailed design of & perticular application will continue to require
apeclfic wind tunnel testg.

The priwary questiogg whiioh hava not been complaitely answered through

' tha years Telate to the practical aspects of applying LTC to a full-s:zle

airplane. They may be ltemized more gpecificelly as follows:

i, Can the gtructure ha designed and fabricated .in such a way that.
the surfaces camply with 4he stringent criterisz on rouginsss and waviness?
What are the weight and complaxity of the structure?

j1. If such a structurs can be manufectursd, ‘o what extent does

the surface deteriorate under operational conditions?

A2 LA ul oo BARCES RSN
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iii. '%¥hat aro tho difflculties involved in maintmzining the wing in
a sufficiently smaoth oonditlon to ensure tha s.{-.tainmént of axtensive
laminar flow on & routine banis? The problems of }:eep-ing the surface free
from auch disturbances as insects, mud, rain, otc.; are lmpliad h_ere.

iv. Waat tolorance dces lsminer flow have to such in-flight '
anvirenmantal facters as rz;in, slest, ice ecrystels, clovde and guistiness?

v. TWhat aTe thargffacts of maneuvering flight, off-doeign 1ift
cosftlolent and non-opbimum suction distribution?

The X-21A was ziewcloped, 1o _answ;ar these operational questlons. Up

40 this time the progrem hae not been able completoly to address 1iself

to them, because of difficulties involved with the daaic acrodynamic dealgn.
These difficultiss have boon overcome, The compiittoo .oomludcs that the
progren skould now be di.rcnt.e.d. toward aﬁ;swering thdse questions.

It is recommended 4hat, during the vroposed operational phase employlng
the K~214 with a re-surfaced wing, spoeific attention ba dirscted $oward
the following oousliderationss

i. ‘ laintalinability e;nrl relisbility factors of IPC shauld be collectod
to USAP standard.:proco'duru and roguiremsnts, eo that a quaerntitative
conparison ca.‘n be made to c;:rrent nnn-'LFG availebility,

ii. laintenanca personnsl ghould be trained, procsdurcs should be
developed and dete accumuia.ccd in a2 sisiistice) form useful far assossing
the incremental penslty for inoorperating LFC in transport typs aireraf?
in servica, »

iii. Simulated or real missions should be conducted with es much
validity o 2I and vorid—u:‘ic‘.a A3 aperations as prasram funding and %ead

alreraft capability permit.

A laca £ oty 2 o e Dot s Ao ouaE e L ettt AN O RN L AR S
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jv. Historical rocorda of LPC material fallures and maintenance
activity should Ye xept end reduced to information ussful Lor futuroe
detailod design. ‘ ' '

v, Healistlo penalties of LFC should be daternined, in regard to
wozther and otvironmental factors for ba,sixig, grou.nd protection, flight
profile and a'ther flxgbt performance factors.

G. ("hat future d.e*mlopment affort is cou.aldnred necessary and/or

S

oA
o]
te]

!

dasirable?") The attammant of. an oparationa.l au_ta.bility evaluastion

is the minimea development offoxt that isa absolutal:,r nacessa.r;r in o:cdor
to justify any commitment of ﬁmthar funds on the X=214 progra.p:.

‘ The program axtensicn =hould necassarily be focused on auppoTting a
mopdification to the wing th;t AFPEC oslicves will ba adequate for abtaining
eredible pporetional and maintenanca deta. The tims cstinates prassnted .in
the Continustion Schedulas listed by the Norair briefing as Alternetas I,
II, and III ars ouch too reiaxed, and coats could alsa be reduced by an
mccleraued ai‘fort.

It.is desirsble that the npurational sv:.lu,:tion tests ta 1::r run by

ARPTC ha.vo full coordination with both IATS and the Airlift Panol of the

Alr Btn.f'*, ga es Lo 1'101'5&:-13 tho acceptebility of tho procodurcs and hesnte -
the resuits. During the evaluation of the flight test da%e, an airframe
nenulacturing coopany, an sirline operator and PAL should ba agked to
reviev =nd prepare avaluatiion reports.

Tt is necessary thet sufficient funds bs included in tha terminal
exrpanditures to document the design, opez:a.tianal and malntenance data in

a form uazadle by other sirframe manufactursre.
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It iz rocoamanded that continuing support be given to siork on the gtate
of the art of L., Tac oon%inuud purauit of rosearch and exploratary .
dovelopment in this field chould not be entirely contingent on ths A-2i4
program, so that gn ultimate separation of USAF fqndiné for those twa
typea of activity =eoxms desirable, E:p;oratory development funds appear
to be the logicel channel-for 5uppart.~

D. (“Eas the noed Tor the ma jor modifieation boen justified?“) It
was o congonsus of the coomittes that the need for some sort. of magnr
modifioation to the X-21A wings, with the primary purpose of p;oviding a
vohiole suitable for reslistic opération&l testing, haso been Jjustified, To

assure timeliness, the modifled alrcraft should be turned over to AFFIC

" well in advance of dates given in the lorsir IFC Continuation Schedule.

Although the partisl modificetion propeosed by MNorair ic poesibly satis-
faciary, soricus conglderation must be given to Puilding s wholly vew ast
of metal uppér wing surfaces needing ue application of filler td reot
asrodyranic smoothness criteria. The commitiee wes informod that this
alternative implias no large peréentngo inerease in tho program cobt.

Tha third alternative of imondiately closing out the flight pregram is
perticularly undosirable st presont, in view af currnnt.oonsidcration
baing given to the developcent of a prototype large wilitary transpori
with LFC. E;pscially in the oparational arssz, the deta to be generated
with the mpdlfied vehicla prao rogarded as e=msantial for supporting the
FDP praroquisites'for concept formulation gn mmy new LFC vehiole.

The soheme of ainuthing en entire wing by weans of a fraction of tha
total X~21A wing area, for purposes of the opsrational ovaluation, is deamed

barely edequate rather than cphimum. Mhatover the nodificatlon, howavar,
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the comoittee undorstends that AIFTC has given assuranca that a full test
prograc can be conductod as saon as on adcepiable vehicla is avallabloe.
2. ("'How should the program bo brought to a satisfactary concluaton?'')
Tn lina with tho foregoing rocomoendetiona, the program ghould bBo brought
“to 2 cnnniuaiun by an cxpeditious flight aperational deanutration, as weoll
as by tho sloultansous aollection and correlation of resulla 5nd information

to facilitats dirsoi application %o the design of projected aireraft.

b Seal e

‘:['~ . The rssulting data should be in such form that they ara of immediate
valus to designers. Procedures should be inoludod for deteraining suotion
distribution; glot size, location and spacing) duot eizo and matching}
pumping roquiremonts; solersnce limits and the menufacturing and maintenance

" toohnology relevant to thesa 1imits. Additionally the operational limits
of spead; altitude, Reynolds number, weather and ather ecvironmantal factors
ghould bs established.

?. Heyond the various points brought outlin the above feplias, ona
other érea gsemed to the commitice ta degerve expanded activity. Since
considerable progress has beon cade in the developmert of design tachnlques,
pgpecially of an aerodynamic nature, it i3 naw important to determina,

thrbugh a thorough and definltiva systens anslysie and on & cost~effective-

ness btasis; the potential payoff of LIG application for ranga, ehdurance
and peyload increcased. Such wtudica would provids a basls far assessing
ahe value of IFC and furnish comparisens with other pozsible tacknicsl
gpproaches to such extended poriormenca. Ccmpetiti;a technologiea exist,
for examplo, in improved SFC engines, lighter—waight giructural ceterlals,
hydrogen fuel and oven refueling systens.

T+ oust also be reallized that aperational miassiona might be extendsd %o =
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dramatic degree¢ by using LFC in combination with these other teochnologies,
ainco they are not incoxzpatidle with it.

As already noted, there still reooain plecss of data that are not fully
devoloped but =ro essential far oon-sid.oratinn in any effectivencas study.
Unit maintcnanco ¢osts, oporational cootp and atructural wéight penaltioo
are illustrations, EKsvertheless, the commitiee bolioves that sophisticated
systems analyses can be undertsken in ¢ timely fashion and thaet resgltu of -
the extonded X—-?M progran ¢an be phased in so as %o provide oredible
conclusiona. -

Tachulcally 4% is fensidle to consider ;.vaitia.l laminarization of wing,
tail andfor body surfaces, so ac %o asgess thosc axnas. with their incroased
construction eccsts, ote., in comparison with full leminarization of .
asTodynamic surfpces. ';!'he {dea ia to establish caat effactivonsss tradeofrls
in terms of poarcentego of leolnarizcd ares, as contrasted with an optimized
turbulant~Tlow aircraft.

To achleve tho graatest practical value, it iw important {that either an
" existing hoavy cargo aireraft or one vhose davelopoon? is rii--ly comaitted
sorve as & base point for the rocommonded anaslyses. In maXing cost coopar—
isons, this dssign should then bo‘ rodifiod iﬁto an optimized gorodymamio,
giructural and propulsive cenfiguration for L7C application.

Fropared by

Prof, Holt ishley, SAB & DAG (Chairman}

ur. 7.H. Jannon, Lockheged .

Jr. Harold D. Eockstra, FAA

lr. laurence X. lofiin, HASA .
Prof. B.H. larsohner, Colorsde 3tato University
I3, Varlin Rood, WASA

3%, Laonard Y. Roen, Worth Americen aviation
. AWLO. Smisth, Dowgles aireraft Co.

r, John K. Winpreas, Tho Bocing Co.
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SUBTRCT: X-21, Llominer Flow Cartrol Program

'70s  Membsrs of Review CGroup

1, Va have reached a point in time and place where some major decisions
must be made rogarding tho future of the X-21 Laminar Flow Control
Demonstrat:‘!.nn Prosrlam. Toward this end, = pr:;armn reviow haa boon organized -
under the guapices of the ASD Division Arivisor’y 'Groyxp,- to take place on
14-15 Qctober 1965 at the ¥orair Divieion of the Northrop Gorparation,
Hewthorne, galifornia. I would greatly appraciétc your perticipation in this
review and your rncamﬂndations as to the future conduct of thls program.
2. Thiz roview im a follow—op vto the program roview conduoted in June _1§64
which raaulted in au;nrera.l' rcocmen@ationa Tor additioﬁal investlgatlon,
taating, and ina:trumantg.tion priar o a co-mitmn-lj. to procsed wifh & mgjor
rodification of the wing., Tho recormended Trogram of work has been com=
pletod and the followlng gquestions mat now be addvesseds

a. What iz the aignificanca of rosults aohievad; during the past year?

. ‘mmAt technical and operu.tir.ma.l cor}sidarations gra a8 yot unanswered?

¢, '"hat fuiura developnent affort is oougldered nacassary smd{'or

_ deairable?

1. Tas tha noed for the major modificatlon been juatified?

a. How should the program ba hrought to a setiafectery conclusion?

" 3. Your ecceptancs of %his invitation %o pariicipets would be mest gretifryirg.

w@.0. DESTIR
Lajor Gonoral, USAP *
Commandor

1
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7-21 TSCHNICAL RAVINT AGEMDA
14-15 Oct 1965

Aeginning at 0830, Thursday, 14 Cot 1965
Northrop Alrcrast Corporation
3901 1. Broadway
Hawtharne, California
(Transportation will be furnished from the
Rameds Inn, 9620 Airport Blvd., Lot Angeles)
A. Sumuary of Praevicus Reviews
B. FNorair Presentations
_1. Flight Resulis _
a. laminar Arcas (Repoatabllity, Turtuleni Spot Invaestigations,
Slot Volocity Measuroments, Instrumentation, leading =dge
Contamination and Fixes) .
b. Iength Reynolds Nuwbdor
¢, Porformance end Drag Analysis .
2. Tind Tunnel Resulte (Norair and Ames)

3. 4coustics end Vibratlon Resulis (?light Tosi, Moreir and imes
#ind Tunnels, laboratery Duct lodel, Panel Vibraliion Test)

4, Correlation of Thaoretioal and Experimental Data, Demsign Critoeris,
Suction Distributions, Tolerances

5. Operational Considerations
a. Maintenance, Vavinass, Surface Rewghness, Cloanlng
b, ‘'leather and In=acts
"4, Applicability of Data to PFuture Alroraft
T+ ZRecommended Follow=on Fragram Altornates
€. Review Groupy Discussion

D. DAG Recemmendetiona (Closed Sassion)

12
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AGENDA

8:00 a, m,
8:20a, m
9:00 a, m,
9:10 a. m.
9:20 a. m.
9:30 a. m.

9:40 3. .

10:00 a. m.

10:45 a. m

11:30 a. m.

11:50 a. m.

12:00

1:00 p. m.

2:00 p.m.
2:15 p. m,
2:45 p.m.
300 p.m

5:00 p.m,

8:30 a. m.

X-21 DAG REVIEW

14 Qctober 1968

4th Floor Conference Room

14 October 1965

Bus Departs Ramada Inn for Northrop Merair

Arrive Engineering Science Center Lobby

Welcoming Remarks - R’FE Horner

Purposes of the Review - MajGen M. C. Demler

Program Highlights and Cost Summary - T{A H, Goss
Review of Previous DAG Recommendations - P. Antonatos
Break

Introduction and Summary of Northrop Presentation -
Dr, IR, Fowell

Wind Tunnel Investigations - Dr. W. Pfenningar
Acpustica and Vibration Tests - G. L. Gluyas
Performance Tests {Drag) - G. L. Gluyas
Lunch - Norair Cafeteria

Configuration Development and Correlation of Flight
Test Rasults with Criteria - B—K—Busher 88 Lo

e“"h} wru,{(fﬂuw{o sef Tegmos % Bﬂﬁf‘.ﬁ‘/
Applicability of Data te Future Aircraft - S"’iﬁ Erown
Recommended Continuation Program - R, W Bratt
Break
Open Discussions

; sy By, No f | Pars i
Bus Departs Northrop Norair for Ramada Inn Al ande: i
15 October 1965

Bus Departs Ramada Inn for Norvthrop Norair
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X-21 DAG REVIEW

ATTENDEES

VISITORS

Helt Ashley, MIT - Chairman

Major General M. C. Demler, RTD
Lieutenant Colonel Louis R, Sert, RTD
Captain Wyatt, RTD

Phil P. Antonatos, RTD

Joe Nenni, RTD, AFFOL

¥, D. Orazio, RTD, Systems Engineering Group
A. Braslow, INASA

L. K. Leftin, NASA

J. B. Parkinson, NASA

Verlin Reed, NASA

Dr, B. H. CGoethert, AFSC

Major Carey, AFSC

Major Lewis, AFSC

J . Wimprass, Boeing

J. McCollom, ASD

Ted Gossa, ASD

Captain Casslar, ASD

B. H. Marshner, Colorado State University
L. N. Rose, North American Aviation
Hi"Hoekstra, FAA - Washington
Fr—ti—Widmer, Genewsal Dimamics
Rer—Smelt—TLotiheed

A. M., O, Smith, Douglas

Captain Peterson, AFFTC, Edwardes AFB
Major W. Ennis, Edwards AFB

R. Sudderth, Edwards AFB

wWLoH. Ham\anl Loclheed

Colonel R. K. Kaeling, AFFRO

Captain J. 8. Ford, AFPRO

NORAIR

R. E. Horner
W. E. Gasich
M. Kuska

L. R. Fowell
W. Pfenninger
R. W. Bratt
G, L. Gluayas
R. K. Bucher
W. G. Wheldon
5. H. Brown
R. E, Kosin

R. C, Whites

E. R. Wingert

J. C. Carlson

J. 5. Bacon

R. Thompson

R. F. Carmichael
J. W, Quick

E. . Clemens
0. A, Levi

W. Bailey
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LANGLEY RESEARCH CENTER |-

Sept. 12, 1975

SDL KUMBER ()
032

ANNOUNGEMENT

SUBJECT: Establishment of Laminar Flow Control Working Group

The Langley Research Center has accepted the responsibility of impTementing a
research and technology program focused an the development and demonstration of
econonically feasible, reliable, and maintainable laminar flow control systems

" for viscous drag reduction. A three-phase program is envisioped: (1)} development
of practical materials, structural, suction, and aerodynamic concepts; (2) system
development including design, fabrication, and ground or f1ight tests of system
companents; and (3) pending favorable resuits in the first twa phases, a f1ight-
test validation of laminar flow control {LFC) on a transport airplane.

A Laminar Flow Control (LFC) Working Group is hereby established to define a

program of required R&T activities, appraise progress, and recommend program

changes or additions. Working group members will serve as points of contact for

each division involved in the program, and will devote such time as necessary to

meet the program objectives. The group will functionaily report to the Chief,
.~ Aergnautical Systems Division, and general program plans shall be concurred with

S by the Directors for Aeronautics, Electronics, Structures, and Systems Engineering

: and Operations. »

Members of the LFC Working Group are desfgnated as follows:

- A« L. Braslow, Chairman Aeronautical Systems Dfvision
© - T. F. Bonner, Jr. : Systems Engineering Ofvision
E. Boxer Aeronautical Systems Division
. D. M. Bushnel] High-Speed Aerodynamics Division
*+ . H. HJ-Heyson , Aeronautica) Systems Ofvisjon
S M. M. Mikulas, dr. Structures and Oynami¢s Division
J. B, Peterson, Jr. Subsonic Transonic Aerodynamics Divisfon
. R. A, Pride Materials Division
L. H. Taylor, Jr. FYight Dynmamics and Control Division
. . R. T. Taylor- Flight Research Divisicn
. . .R.D. Vagner - .- o Aeronautical Systems Divisian
}Eégar M. CZrtright -
Director cc: All Supervisory Personnel

ADDEELS RABIL SPALL

¥

Document 3—Langley Rescarch Center Announcement: Establishment of Laminar Flow
Control Working Group
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IHTERCENTER AGREES: T
FOR
LAMIRAR FLOW COHMTROL
LEALTHG ENGE GLOVE FLIGHTS
BETHEER
LANGLEY RESEARCIE CEWTER AMD DRYDEM FLIGHT RESFARCH CENTER

PREPARED BY:

SEd vt O EE T B Tod L Do

BT u h.m o B Rm TS, Baron -
fircraft Ent.!”‘j}l' LFficioncy Project OFFice Pro ot Test Liafson Dffice

MASS Langley Resparch Center NASA Brydan Flight Research Conter

APPRIVLD B:

Srme m;{,/ﬁ Lran /

_z’f" _ o -

Donafd ER “_arth Isuah T Qiltam, 1V

Dircoin- Director

HASA Langley Research Cantor RASA Dryden Flight Reacarch
. Hpe I :

pate: 4=/ 7 DATE: 7&;19.,5@

Document 4—Intercenter Agreement for Laminar Flow Control Leading Edge Glove Flights,
LaRC and DFRC



Introduction
The Laninar Flow Control (LFC) Elemmnt of the NASA Advcradi Energy
EfFiciency (ACEE) Program i5 concrrped with the development and demonstra~
tion af a practical, relizkle, amd waintainable LYC system for application
to future conmorcial tramsport aircradi. The objective af the LFC
Leading Edye FYight Test (LEFT) is io demonstrate the effectiveness of
LFE lending edys systems under represontative f1ight conditions. Operahle
LFC leading edge syslews (fncluding suction, cleaning, and deicing systéms)
will be installed in segments of the leading edge of the HASA JetStar. -Two
such test articles will be provided by contractors and flight tested at
drydai, ' :

Hature uf Progro

Contracts will be awarded to the Lockheed-Georgia Company and the
Douglas Aircralt Company. Each will caver the design and fabrication of
an L¥C leading edge systoms test article. The Lnckhecd-Geargia Company will
liave the addnrd tazk to perfart the lead role to desiqn the atveraft modifi-
catien neacasary to incorporats both the test articles end provide adequate
systams suppori,  Drvden will wodity the lest airveralt to the bockheed-Grorgia
desinn and inst1ll the flighl Lest articles. Both contractors will provide
enginearing suproct during Lhe aircrath modification, test article installa-

tions, and ecceptonce ground anmd flight testing as o . pciale. Indtial
cuatracla will torminate unon completion of acceptar iight testiag. A RS54
flici L research progean will then be initiated and ne - oontracts will be negotiated

will the costractors for supiesl aof Lhis rescarch fligie testing. The flighl
test peeqran will consist of four parts: .

(1} An LFC systews pevformance demonstration.

(2} A cleaning and d=icing systems perforirance deronstration.
(3) A siwulated airline sevvice aperations progran.

(4) An LFC flipht research program.

Rbout 209 Tlight hours arce planned for the firsl three ;5 abave
{50 Tar tho performance demonstrations and 180 for the opera. s Program}.
Tha LFC f1ight research pragram has not been forwulated at this time and
would he contingent upon availability of fund:.

Prinsinal Rasponsibilitin: and Assignnents

As lead center for the LFC Eleinont of the WASA ACEE Projeci, Lanqgley
wvill:

(a) Be respowsible Ffor owerall manaqensst of the project and the
contracts with tha Lockhzol-Ceprgia Company and tha Dowglas
Aircraft Comgany.

{b} Coordinatn and conduct reviews of task assignment plans. and the
prel ety aned debeil desiges,

63




1.

{c)
(d)
(e)

o)
()
{c)

(d)
(e)
{f)

{5)
{n)

Z
Establish flight test roguiremants to accomplish brngram objectives.
Evaluate and cancur on flight test plans.
Provide technical suhport of the flight testing and assume the lead

role in providing for analysis of flight data and reporting of
results.

Dyvden will:

)

Approve adl flight tast plaps,

Be responsible far flight safety.

Be resporsible for flighL tosting with contractor enginecring suppert
for the apezration and maintenance of LFC systems on board the fest
aircraft.

Participate in thz managoment and technical reviows of the contractor
task assigninent plans and the preliminary and detail designs.

Provide appraval on the atreraft modification design.
Assess instramentalion and data acquisition requiranents and provide,
as aveilabic:  Flighc iest instrumentation; data recording and

reduction systomss and dala reduction support.

Perforn the aiycraft modifications and test article installations,

“Besign, fabricatn, and install the instrunentation and control

cansoles For the test articles.

(1) Participate in data aralysis and veporting of resulls.
Hajor Milsitonas

Contracl awards July 1980

Instrumantation selection O Lobar 1980

Control consoles layout : January 1981

Control consoles Tabrication “Janyary 1982

Hodified A/C design Harch 1982

Flight test hardware delivery to DFRC Jume 1982
by cuntractar
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7. A/C mndification camplele Hoveuber 1962 ©
8. Acceptance flight test complete February 1933
9. Research flighl test complete Mugust 1934

(parts 1, 2, & 3)

16, Flight Tesk reporis June 1983 &
* Septemher 1984

)
Fundire Boolints anl Spurens

Langley RTOP 534-07-13

_FY '80 FY ‘gl FY 'Rz BY ‘B3 FY_'e4-
Prograis R % D Funds anng 4200 2140 170 150
Dryden R & D/1iS 75/60 5007135 2007165 1707150 18D/120
Batd frquisitinon. fnalysis, and Risteibution

Buth Langley and Dryden will he respansible For mahagerent, amalysis, and
raparting of 11 flight data. Reparting af progran reauits wi’ll be thraugh
joins (Langley and fryden) MASA puhlications on f1{ght test results and comn-
tractor final reports bo dozwmnt all contractor tasks.
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FLIGHT REPORT

FLIGHT: NLF~ \ul
DATE: May 15,1980

Approved:

N».gA)ﬂ DFRC “"‘m%aﬁ- ' Magn!gzager_

NASA DFRC Project Engineer

Document 5—Flight Report, NLF-144, of AFTI/F-111 Aircraft with the TACT Wing Modified
by a Natural Laminar Flow Glove
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D
Pilots notes and comments

Flight_1uu Dete: 5/1s/80

Flight 144 was the first flight of the AFTI-F-111 aircraft with the TACT wing modified
by a Natural Laminar Flow {NFL) glove. The NLF modification necessftated flying the
aircraft without spoilers and flaps. This rasulted in degraded handiing qualities,
and longer takeoff and landing rolls than the unmodified afrcraft.

The maxfmum power takeoff was accomplished at 160 leading edge wing sweep with the flight
control system in "takeoff and land” and with ten thousand pounds fuel. The aircraft

had a tendency to over-rotate as rotation was initiated at 170 KCAS. The rotation was
stabilized-at 2 nine degree pitch change from the pitch attitude prior to brake release.
Moderate . forward stick force was required to control angle of attack after lift-off. |
Takeoff trim had been set to 3.8° TEU. Elevator trim of 0P is suggested for the follow- |
ing f1ight. The takeoff handling qualities were judged satisfactory (calm wind).

The aircraft was cleaned yp, the fiight control system switch changed to normal, wings
swept to 269, and accelerated to 300 KCAS.

Several lpw-approaches were then flown at 102 a with the gear down, f1ight control
system in "takeoff and Jand," and wing at 26° sweep. The aircraft was judged to have
a lateral P10 tendency throughout the landing approach. The full stop landing was
accomplished with 4500 pounds of fuel. The lateral PIO tendency during this approach
was amp)ified somewhat during the. flare and touchdown. The outboard spoilers were
enabled {in the ground roll mode) at touchdown, however, they were not sufficient to
cause the aircraft to rest firmly on the gear during the aero-braking phase of the
landing rollout. Without the stabilizing action due to squatting on the landing gear
the Tateral contro) during Janding roll was rated acceptable (calm wind,} Brakes were
applfed at 110 XCAS with 3000 feet of runway remaining after a Janding rell of about
11,000 feet. The landing roll was safely accomplished on the 15,000 foot runway.

Y

Michze] R. Swapn
Aerospace Research Piilot

LY.

/ Project Pilot
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E
Alrplane Ma!fguncllu and Fallures

Flight: aa - Ammary Data;_s/15/00

Flight number 144 was flown on 15 May 1980 fn order to structurally verify and to
evaluate the handling qualities of the NLF modification en the F -111A aircraft.

The aircraft was fueled with a partfal fuel lecad for a total of 12,000 Ybs (10,500 ibs
fwd; 1,500 1bs aft). Toj:a'l flying time for the flight was 35 minutes.

In order to structurally verify the NLF modificatien, a check point at 10,000 ft,
.55 Mach ‘mml:_er, 305 knots at 26° wing sweep was accomplished. Following this test
point, the alreraft performed several lTow approaches to rumway 22 to evaluate the

handiing qualities.

Post flight inspectiun of the KLF modification revealed no anomaldies. Small cracks
did appear on the flap hinge 1ine in the non test section of the NLF glove. This

was expected due to previous experience with test samples.

Following the inspection of the HLF modification, a turnaround preflight was

accomplished and the afrcraft was refucled with a full fuel load and released for

flight.

’
/

Openmn_s Eng'lnur
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“Instramontation Post - Flight Summary

Flight:__1sa Dater 21580

This was a good data flight.
There were no encoding or recording problems noted on post-flight.
The series of flights starting with this f1ight have been instrumented for

1)  Pressure distribution over NLF glove test section,

2) Boundary Tayer characteristics over NLF glove test sectfon, and

3) -Base pressure measurements on body of revolution on top of vertical fin for
= base drag experiment.

A schematfc of these {s shown in Figure F-1.

Item 1 involved the relocatfon of 34 existing TACT pressure orifices. A schematic
showing NLF instrumentation {s given in Figure F-1. The 1ist of parmid's and
location is given in Table F-1. '

Item 2 invalved the use of two identical 20 probe 5 inch rakes, Figure F-2. The
top two probes are not hooked for this experiment. Table F-1 gives the parmid's
for the probes. :

Item 3 required a scanivalve to be {nstalled {n the body of revelution, Figurs F-3a.
The parmid's are given in Figure F-3b. Figure F-3c gives locations of the parmid's
on the base.

nstrumentatiam Enginser

!
]
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Supertinic Lominay Floo Gatér Flight Record.b

E1602! m._.mp— Hrs fhis! ¥ T Max
Bie | Pig | | BIDoe | FU fPong| |Pilot  |BackSeat |Coniralier | Alt |Oblectives Commenly
44 1 1 | s | 11 & | [Puriloy Collard Bohn Mayer | 30K |RCF o
: Loads clearance, Load/HQ evaluatian, Air
refueling checks, Engina chacks, Flutter
a5 | 2 Wwesms | 08 [ 4 | Purfoy Calard  |Bohn Meyer | SOK |clearance, PID, Parformance | R
Loads clearance, Flutier clearance,
Loads/HQ evaluation, Engine chacks, In-
46 | 3 | | ves | 135 | 15 Purifoy Coltard Bohn Mayer | 40K iflight refusling checks ) _
47 4a nezs | 37 | 3g | |Purifoy Collard Bohn Meyer | 50K Mrnmnm expansian, SLFC dala _
(TG tunctional ¢hecks, Suction system
48 | 5 12495 26 1 7 Purlfoy Collard Bohn Meyer | 50K |evaluation, SLFC daty .
Loads clearance, TC pedormance and oil
: bypass, servo-oremaes-flaw made
49 € 126/96 18 | 26 Purifoy Collard Bohn Meyer | 50K |checks L
In-flight amemency due
; to [aft maln landing
: gear door non-retract,
50 7 21138 04 [ ¢ Purfloy Collard Bohn Meyar o RTB
SLFC dala at design Mach and alfituds,
TC start up procedurs avaluation, servo-
51 B o 22 2.5 20 Purifoy Callard Bohn Meyer | 50K jon-mass-flow mode evaluation ~ o
: SLFC data on leading edge, Evaluate
52 . 9 218/05 2.5 19 Purifoy _ Meyer Bohn Meyer | 50K [River Run for flight ba.m_.mﬁmam
| Servo-on-mass-flow made avaluation,
) Usa of hot fllms to detarmine existence
! : of laminar flow, turbocompressar veould
53 | 10 ! 296 | 12 | 0 Purifoy Collard ‘Bohn Meyar not start i o
} : lof TC after SOV replacement, SLFC with
| thot films, communication problem
‘belwaen OSSC-C and downlink - no
54 11 2298 1.5 4 Purlloy Collard Bohn Meyer | 50K isuctlon
Page 1

Flight Record, F-16XL Supersonic Laminar Flow Control Aircraft

Document 6
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Elight Record.lb

12

32

e —"

1

|Stucky

Max
Alt

Qbjeclives

Yamenala

50K

off, Begin checkout of second pilot,
|Recurrancy training loe backup
conroler, Vaidale OSSC system,
Validate ATC communications

13

Vi

05

Stucky

] gvc&e‘

Coliard

50K

SLFC with suction system on and off

In{ighl emengency due
ito right main gear door
down

L

18

16

%6

21

19

Stucky

Purifoy

Collard

50K

Complete fiighl qualitication of 2nd pilot,
SLFC data with suction on/cff, Red
phene training for backup strucluras
anginear

23

14

Stucky

Meyer

50K

SLFC data with suction on

318

24

Purifoy

‘Yamanaka

§0K

SLFC data to datermina minimum
suclion requirements on rochop reglons
14 & 15 and lsading edge

60

17

1.0

Stucky

_|Yemanaka

50K

SLFC dala 10 document baseline shock
Hence configuration

TC exparancad RPM
overzpaad with auto
shutdown

18

3.3

Yamanaka

lUpdate loads envelops, SLFC data for no
shock fance configuration, Determined
minknum G Bt for suclion during
pushover ManaNers

14

16

Bohn Mayer

50K

Detesming ofiectivensss of new Larger
shock fence

3.1

Bohn Meyer

50K

Complete evaluaiion of shock fence
configuralion

FCS caution kght - bul
cleared

L2

S5

1.1

14

Bohn Meyer

CoBard

50K

Deline suction distribution with new
shoek {ence

FCS caution - declared
In-{light emergency

Paga 2




Flight Record.Ib

faenz| SUFC 2 Tedt ] Max,
£ae | Pte ELLDae Bowis| |Plol BagkSeal |Controller | AN {Qbiectives commants
FCS caution - declared
in-flight emergancy,
First CHAGS flight, Had
65 | 22 W5 o8| o Puriloy Collard Yamansia . replaced ECA
FCS caution - declared
in-Might emargency,
Had replaced channe! D
66 | 23 5638 048 | 14 | Purfoy Bohn Mayar |Yamanaka . power inverter
- FCS checkowt, Loads clearance @ 55K,
67 | 24 | | sewm | 10| 1 | |Pustoy Coltard Yamansia | 55K |SLFC research data B L
FCS caution - declared
in-flight emeargancy,
68 | 2% snme | 10| O Purlloy Collard Yamanaka o AICS box was functional
FCS checkout, Loads clearance @ 45K,
89 | 26 % | 0.9 | 16 | |Puriloy Collard Yamanaka | 65K |42K, and 40K, SLFCdata B
SLFC data, FCS caution
daclared in-tiight
70 | 27 some | 1.28] 13 Purifoy Meyer Yamanake  S0K emargancy
SFLC data to obtain Incraased laminar
71| 28 796 31| 31 Stucky Coliard Yamanaka | 50K [How
’ SLFC data with lower surface masking
72 29 L 20 . 15 Purifoy Collard Yamanaka S5K |(unsuccassiyi), Tults and video
SLFG data masking lowar surface
petarations (unsuccassiul), Tulls, T/O
73 | 30 4% 08| 8 Stucky Collard Yamanaka | 50K |delayed due to pyro Inspaction .
SLFC suglion level verification of exent
74 | A 826 | 3.0 | 21 Purifoy . [Meyer Bohn Meyer | 50K |of laminar flow .
i SLFC data with lilled turbulence dreariar
75 | 32 wowvm | 20 | 31 | :Pudtoy Meyer Bohn Meyer | 50K | (unsuccesstul)

Fage 3
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Flight Record.ib

|
F? | Btg| | AYbm | Bt |Poiots| |Bilt Back Seal |ControMer | All |Obloctives Comments
SLFC data with gap filled beneath shock
76 | 33 % 2.0 | 24 | |Purioy Bohn Meyer |Yamanaka | 53K |lence, Varying alphas .
tnvestigate bast suction lovals at M2.0
with top of ragion 11 masked & de.
tutt wedge angle Irom H.F. on Inbrd
77 | 34 e 1.8 | 15 | |Purifoy Coflard Yemaneka | 53K |suction panel
Yamanaka/ Investigate best suclion lavels a1 M2.0
78 ! 35 mess | 20 | 18 | |Purifoy Coftard Whicox 53K |with top of region 11 masked B
, Yamanaka/ Investigale besl suction levals al M2.0
79 ;38 . | wmww | 30| 31 | |Puriloy Collard Wilcox 53K |with no masking, varying alpha and beta -
i Yarmanaka/
80 ! 37 mems | 30 | 34 | [Puifoy  iCollard Wilcox ‘53K |Code Cafibration data .
Collard? Code Calibration dala and baseline dala
81 | 38 iews | 3 | 41 Purifoy Bohn Meyer [Wiicox 53K |for shock fence loe-in o
: Yamanaia/ Evaluale results of shock fence toe-in,
62 | 3 e | 2.7 ) 27 | (Pwiloy Coilard Wilcox 53K |chackout canapy ring mod technique
Dalarmine sffeclivensss of canopy
Yamanake/ fairing, ge! more info on turb wedge
8 | w atwe | 3.2 | 13 | |Stucky Collard Whicox $4K |angle N _
Datarmine affectiveness of canopy
Yamanaka/ fairing, get mors Info on tuih wedge
B84 | 41 wogs | 3.1 | 43 | |Purifoy Collard Wikcox §5K |angle, rooftop suctlon reduction e
: Datermine effectivenass of canopy
| tairing, obtain SLFC dala for rooftop,
w teading edge, and uniform suction
8% - 42 ! 1408 | 2.9 1 48 | |Purligy - Callard Wilcax 55K |reduction

Page 4
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Flight Record.lb

Bi [ Bi¥ | | ATfae ;| B |Pony| [Pilot BackSeal |Cootroller | Al |Qblectives ~  iCommenls
Using the 60* shock fence oblain data
the optimun flight condiiions determined
using tha 60° fance. Algo, oblain
B85 | 4 oRane | 3.2 | 48 Purifoy Bohn Msyar {Collard 52K [Andarson Currant Loop data. L
: FCS caullon light for LE
BE | 44 s [ 1.3 0 Purfay  |Cuollard Wilcox | 51K, flap, RTB declaring IFE
Using the B0° shock fence oblain data
for code calibration and the Inboard
wirbulent region. Also, oblain Anderson
Cyrrent Loop data and Optical Sensor
88 = 45 1Weeee | 2.7 43 Purifoy Collard Wilcox 53K |data, N )
i TOTALS:{90.6] 796

Page 5
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F-16XL., 32-33, 71-75
Index F_94’ 8_9
Hurricane, 4, 10
Abbott. Ira H.. 4 JetStar, 20-29
Adams, Earl, 23 King Cobra, 4, 10
Antonatos. Philip P., 10 Lancaster, 11-12
Baer-Riedhart, Jenny. 17 n Learjet, 29, 31
Baron. Robert S.. 20, 23,25 n Vampire, 6-7
Bartlett, Dennis W., 17 n Victor, 20, 21
Bjarke, Lisa J.,33 n WB-66D, 10
Blizzard, Ralph G., 17 n X-21, 11-12, 16, 29, 34, 46-60
Bohn-Meyer, MartaR., 171,33 n Fullerton, C. Gordon, 17 n
Boundary layer Fulton, Fitzhugh L., 23,25 n
laminar, 1, 2, 3-10, 12, 15, 16, 18, 20, 23, 26, 29- Goldsmith, John, 6
30,32,33 Hall, GR., 12,29
turbulent, 1, 6-7,9-12, 20, 25, 31-32 Harlow, Michael P, 33 n
Bower, Robert E., 15n Industry
Braslow, Albert L.. 5. 10-11, 13-14, 151,20, 26 n Boeing, 18-19
Burrows, Dale L., 5 Douglas, 22, 32-33
Carlson, Gary, 23 Handley Page, 7, 20
Caw, Lawrence J., 17 Lockheed-Georgia, 21-22, 23 n
Chiles, Harry, 21 n Northrop,5-6, 8, 10-12
Collier, FS., Jr., 26 n Rockwell, 33
Cortright, Edgar M., 14 Instrumentation
Davis, Richard E., 28-29 hot-film, 18-19, 33
DiAiutolo, Charles T., 15 n Knollenberg probe, 25
Disturbance inputs Jacobs, Eastman N., 4,5 n
insects, 11, 16, 20-21, 25, 26, 31-32 Johnson, J. Blair, 23
noise. 4 n, 8, 10, 13, 18-20, 32 Kayten, Gerald, 13
stream turbulence, 4, 9-12, 26 Klebanoff, P.S., 4
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